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PRINCIPAL NOTATIONS 
The following symbols have been used in this thesis: 
A 	 Area of element. 
a Semi-major axis of ellipse, or internal radius of pipe. 
[B] Matrix of co-ordinates of nodal points in element. 
[BT] Transpose of matrix [B]0 
b Semi-minor axis of ellipse, or axternal radius of pipe. 
C Compressive stress. 
00 Uniaxial compression strength. 
D Diameter of cylindrical specimen, or depth of specimen. 
[D] Matrix of elastic constants of element material. 
db Thickness of brick. 
d Thickness of mortar joint, 
Et Elastic modulus of brick in tension. 
[F]e Matrix of nodal forces in element. 
[K] Stiffness matrix for complete structure, 
k Coefficient in tensile splitting test formula, 
k Stiffness matrix for element0 
kr 	k0 Coefficients in formula for pipe subject to internal 
pressure0 
L 	 Width of specimen. 
1 	 Length of specimen. 
M 	 Ratio of semi-minor to semi-major axes of ellipse, 
P 	 Knife-edge load in tensile splitting test. 
p 	 Internal pressure in pipe. 
r 	 Radius of any point in pipe. 
s0 	 Shear strength of material at zero normal stress, 
(vii 
t 	 Tensile stress. 
t 	 Lateral tensile stress in brick. 
to 	 Tensile strength of brick. 
Volume fraction of coarse aggregates in concrete mix, 
0< 	 Mortar/brick thickness ratio, or eccentric angle of 
ellipse. 
Inclination of normal to the plane to major principal 
stress. 
e 	
Matrix of displacements of nodal. points in element 0 
[] 
e 	 Matrix of strains in element. 
CT 	 Normal stress. 
TO 	 Uniaxial compression strength. 
	
i' 	CT3 	Major, intermediate, minor principal stresses 
respectively. 
T b 	 Tangential stress on the boundary of elliptical 
flaw. 
Lateral compressive stress in mortar. 
Radial stress in pipe. 
CT, CT 	Normal stresses in x, y, z directions respectively. 
G- 0 	 Circumferential stress in pipe. 
[a] e Matrix of stresses in element. 
t Shear ' stress. 
XY 	
Shear stress in xy-plane. 
Coefficient of internal friction of material, or 
Micro-strain (10 ) 
(viii. 
ABSTRACT  
The object of this thesis is to establish a failure criterion for 
brickwork in axial compression. 
Chapter 1 introduces the problem of brickwork in compression and re-
views previous investigations carried out in this area. It outlines 
the proposed failure theory for brickwork in compression, and finally 
lists the experimental and theoretical investigations to be undertaken 
in order to provide information required to formulate the proposed 
criterion. 
The general behaviour of brittle materials under the action of complex 
stresses and the existing theories developed to explain their failure 
mechanism are discussed in Chapter 2 
In chapter 3, tests carried out on one-third scale model bricks to 
determine its biaxial compression-tension failure envelope are described. 
Certain observations concerning the basic strength properties of bricks 
are noted, 
An alternative method of determining the biaxial compression-tension 
strength relationship for ceramic material is carried out using clay 
pipe specimens; details of those experiments are given in Chapter I 
A study of the behaviour of brickwork mortar in a state of triaxial 
compression is recorded in Chapter 5 
Chapter 6 presents a finite element analysis of the lateral stress 
distribution in brickwork under axial compression, the results of 
which clarified the mode of failure observed in axially-loaded brick-
work. 
Using information gathered from investigations undertaken in earlier 
chapters, the proposed failure criterion for brickwork in axial 
conipression/ 
(ix 
compression is developed in Chapter 7. A favourable comparison Of 
the brickwork coinressive strength exists between theoretical pre-
dictions given by the failure theory and experimental results 
obtained, from crushing tests on brickwork prisms. The theory is 
also successfully tested against data on the compressive strength of 
brickwork taken from selected publications. 
The general conclusions arising from this research are listed in 
Chapter 8 which includes some suggestions for further work. 
(1 	4 
CHAPTER 1 - BRICKtTORK IN COMPRESSION 
' I 
1.1 INTRODUCTION 
Investigation Into the loadbearing strength of brickwork was under-
taken from time to time many decades ago, but it was only as recent 
as the late forties that loadb earing brickwork came under serious 
study. The revived interest in loadbearing brickwork was prompted 
by the realisation that structural brickwork could, under favourable 
circumstances, be an economic proposition for high-rise structures, 
exemplified aptly in the erection of multi-storey buildings in load-
bearing brickwork in Switzerland and elsewhere. 
The compressive strength of brickwork was certainly the first aspect 
of structural brickwork to be examined. 
In the early stages of the investigation into the compressive strength 
of brickwork, research programmes were concerned mainly in gathering 
reliable experimental data with which to update existing provisions 
in the code of practice whose recommendations were long recognised to 
be unduly conservative. Little effort was made at this point to 
achieve a theoretical solution which could describe the behaviour of 
brickwork in compression. Even so, there were several useful obser-
vations which resulted from this phase of brickwork research. 
The first was the awareness that the traditional treatment of 
brickwork as approximating to a homogenous material is far from 
reality, and that in brickwork one is dealing with a two-phase assem-
blage of brick and mortar whose carrying capacity under stress will 
be determined by the interaction of the strength properties of its 
two constituent materials. 
It was! 
(2 
It was also observed that a brickwork panel axially loaded to destruc-
tion produced vertical cracks in the brick elements. This suggests 
the existence of a lateral tensile stress within the brick, which is 
rightly subscribed to the different lateral strain characteristics of 
brick and its horizontal mortar joint, the mortar joint tending to 
expand laterally more than the brick and in so doing induces a 
lateral tension in the brick element. This observation is indeed 
the single most important contribution towards the understanding of 
the failure mechanism of brickwork in conression, and has since 
become the central concept in later attempts to derive an analytical 
solution to the problem. 
In the course of experimentation, it was noted that there are various 
factors which influence the compressive strength of brickwork. It is 
obvious that a stronger brick produces a higher brickwork compressive 
strength. Similarly, a richer mortar mix will lead to an increased 
brickwork strength. Less apparent, however, is the observation that 
a higher bearing capacity of brickwork is achieved if the mortar 
joint thickness is kept to . a mininiuin. Like any long column subject 
to the effect of buckling, the compressive strength of a brick wall 
is reduced with increasing slenderness ratio. The quality of work-
manship has been found to influence greatly the strength of brickwork. 
However, since the standard of workmanship in research work is usually 
satisfactory, the workmanship factor is not a consideration in the 
correlation of laboratory results. 
While the effect of the above mentioned factors on the compressive 
strength of brickwork has been firmly established, there are other 
factors whose influence on brickwork strength is not so conclusive. 
Whether the! 
(3 
Whether the presence of perpends - vertical mortar joints - in brick-
work does in fact weaken brickwork in compression is not proven, 
although it has been mentioned that the effect is negligible in 
conventional masonry bonds. Another yet uadeterxnined factor is 
the effect of using perforated and frogged bricks in brickwork. 
It appears that so long as the degree of perforation is low and 
the layout and the shape of the perforations do not result in points 
of stress concentration within the brick, the crushing strength of 
brickwork is much the same as that made of solid bricks of the same 
strength. In regard to frogged bricks, the behaviour of the inter-
locking action of mortar in the frogged area of the brick is 
currently not known. 
In the absence of an analytical solution, empirical relationships, 
either graphical or algebraic, derived from the results obtained in 
experiments, have been put forward to show the variation of brick-
work compressive strength with a given factor. For example, it has 
been suggested that the brickwork compressive strength varies as the 
square root of its brick crushing strength. This relationship may 
only apply to the type of mortar and its joint thickness used in 
that series of experiments. Whether the relationship can be extended 
to include other mortar mixes and joint thicknesses is doubtful. In 
otherwords, empirical relationships derived from test data are often 
limited in scope, and needless to say, it is an immense task on the 
basis of experimental work alone to be able to provide empirical 
expressions which can cater for the large number of permutations in 
brickwork strength arising from the various factors affecting the 
compressive strength of brickwork. 
The need! 
(b 
The need to establish an analytical solution which can account for 
all known factors which contribute to the compressive strength of 
brickwork is more than just a matter of academic curiosity. The 
possibility of introducing, for instance, horizontal reinforcement 
as a means to enhance the loadbearing strength of brickwork in com-
pression can gain no headway until the behaviour of unreinforced 
brickwork is fully understood. 
Looking wider afield, the search for a substitute to Portland cement 
mortar is more likely to succeed if the desirable characteristics of 
• joint material in brickwork are first determined, and this requires 
• complete understanding of the behaviour of mortar in brickwork 
which only a proven theory can afford. 
Recent years have seen a few but growing number of attempts to 
arrive at a failure criterion for brickwork in compression which 
can adequately explain not only the manner in which but also the 
extent to which a particular factor, such as mortar joint thickness, 
influences the crushing strength of brickwork. In nearly all of 
these attempts, the failure criterion has been developed, in part 
or whole, on the assumption of an elastic behaviour in brick and 
mortar. It is precisely the inelastic behaviour of the materials, 
particularly of mortar approaching failure, which determines princi-
pally the strength of brickwork in compression. Consequently, these 
failure theories have been found to be inadequate. 
It is the objective of this thesis to establish an acceptable failure 
criterion for brickwork in compression with a different approach from 
that of the elastic theory. 
1.2 REVIEY OF PREVIOUS WORK 
This section contains a literature review of work carried out on the 
compressive strength/ 
(5 
compressive strength of axially loaded brickwork beginning from the 
early fifties. Reference may be made to the publications of Horsy O) 
and of 	for information concerning work done prior to this 
date. 
In a paper to the Institution of Civil Engineers, London in 1950, 
Davey & Thomas (16) described the testing carried out at the Building 
Research Station to determine, among other things, the relationship 
between the strength of brick and of mortar, and the strength of 
brickwork. They pointed out the significant influence of the mortar 
upon the crushing strength of brickwork piers, and arising from the 
experimental results, advised against the use of a mortar "stronger 
than is just necessary to give the optimum strength of brickwork". 
Using the data acquired in this investigation, Thomas' in 1953 
criticised the conservative provisions contained in the Code of 
Practice CP 111 (1 948) "Structural Recommendations for Loadbearing 
Walls", especially in the use of high strength bricks. In his 
opinion, with these bricks, the permissible brickwork stresses might 
well be increased by 50 to 75° This brought about the increased 
values of permissible stresses for brickwork in the revision in 1964 
of CP 1110 
The first attempt to develop a theoretical expression for the strength 
of brickwork in compression was made by Haller 	in 1960 on the 
assumption of an elastic behaviour in brickwork. However, he was 
quick to admit the limitation of his formula, acknowledging the 
inelastic behaviour of brickwork approaching failure. In the same 
paper, based upon results derived from some crushing tests on brick-
work, Hailer evolved an empirical expression which related brickwork 
strength to strength of brick and of mortar. 
Beginning in! 
(6 
Beginning in 1963, the structural Clay Products Research Foundation 
in the United States began a series of brickwork tests designated as 
the "National Testing Program", the results of which were published 
in a series of SCPRF Research Reports. In Report No. 1 2) of the 
program, small scale specimens were tested to determine the influence 
Of brick proper-ties, mortar properties and the thickness of joints 
on the strength of brickwork 0 RcTerimental data indicated that higher 
brickwork compressive strengths were associated with higher brick and 
mortar strengths, and that an inverse linear relationship existed 
between the brickwork compressive strength and the thickness of mortar 
joints, 
In a number of crushing tests on storey-height brickwalls in 1965, 
Prasan et el. 6) observed that the mode of failure in brickwajj..s 
under compression was by transverse splitting, and this suggested 
the importance of the tensile strength of brick and also of the 
properties of the horizontal mortar joints in determining the strength 
of the bricIork 0  Increases in brickwork strength of over 60% were 
observed when every bed joint was reinforced horizontally, 
Extending the study undertaken by Prasan above, Bradshaw & Hendry 5 
in 1967 carried out further tests on the crushing strength of storey-
height brickwalls, and the outcome of the tests were largely in 
agreement with earlier results. DVirical formulae derived from 
these tests suggested the strength of brickwork in compression to 
be proportional to the square root of the brick strength, and to the 
cube or fourth root of the mortar strength. In other words, the 
influence of mortar strength upon brickwork strength was less than 
that of brick strength. 
A failure! 
(7 
A failure theory for the compressive strength of brickwork was fornuj-
lated by Sinha & Hendry(5 0)  in 1966. The analysis assumed an elastic 
behaviour of brickwork, and predicted the compressive strength at 
first crack. 
In a paper to the International Conference on Masonry Structural 
Systems in 1967, Hilsdorf(25)  outlined a new approach towards the 
development of a failure criterion for brickwork in compression, in 
which the compressive strength of brickwork is determined by the 
interaction of the strength properties of brick and of mortar under 
their appropriate state of complex stresses. However, due to a lack 
of information concerning the behaviour of brick and mortar materials 
under combined stresses, the merit of this method of analysis was not 
apparent, 
Sinha(48 	in 1968 devised a direct tensile test for one-sixth 
scale model bricks, and hence was able to relate the compressive 
strength of brickwork to the tensile strength of brick, a relation-
ship which he found to be linear. 
The performance of walls built of wirecut bricks with and without 
perforations w 	 (62)as comprehensively investigated by West et al. 	in 
1968. The investigation showed that so long as the degree of perfora-
tion in bricks was low and the shape of the perforations did not 
result in points of stress concentration, brickwork built with per-
forated bricks performed under compression as well as those built 
with solid bricks. 
14orsy 0  in 1968 produced a formula  for the compressive strength of 
brickwork, which took into account the effect of the presence of 
vertical mortar joints in brickwork. Computations using this formula 
which assumed an elastic behaviour of brickwork did not yield accep- 
table values0 
(8 
At the British Ceramic Society's 3rd Symposium on Loadbearing Brickwork 
held in November 1968, Lenczner 	presented a failure theory for 
axially-loaded brickwork which is derived entirely on the assumption 
of elastic behaviour in brickwork. 
Lastly., Francis et ai.(19) in 1970 developed a failure theory for 
brickwork in compression which was partly based on the elastic 
theory and partly based on an arbitrarily assumed linear failure 
envelope for brick under biaxial compression-tension. Since the 
behaviour of brickwork near ultimate stress is principally inelastic, 
this approach is of doubtful value. 
1 .3 AN OUTLINE OF THE PROPOSED FAILURE THEORY FOR BRICKIORK IN 
C01PRESSION 
It was pointed out in the concluding part of section 1.1 that the 
existing failure theories describing the compressive strength of 
brickwork have been found to be unsatisfactory. This is because 
these failure theories have been developed on the assumption of an 
elastic behaviour in brick and mortar. In reality, both brick and mor-
tar are not truly elastic in behaviour, particularly so for mortar 
near ultimate stress. In fact, it is the inelastic behaviour of 
mortar approaching failure which governs principally the compressive 
strength of brickwork. Another criticism levelled at these elastic 
failure theories is that they ignore the important fact that the 
properties of brittle materials, a category to which brick and 
mortar belong, alter wider different states of applied stresses. 
For example, the values of the elastic constants, say, for mortar 
under uniaxial compression differ from those under triaxial compres-
sion. 
The aim of this research, therefore, is to formulate an acceptable 
failure criterion! 
(9 
failure criterion for brickwork in compression which can account for 
all the various factors known to affect the compressive strength of 
brickwork. If this is achieved, it will then be possible to predict 
from a given set of brick and mortar parameters the compressive 
strength of brickwork. 
This thesis adopts what may be termed the "strength" approach in which 
the failure criterion is essentially determined by the strength pro-
perties of brick and mortar in the state of complex stresses in which 
they exist in axially-loaded brickwork. This "strength" approach has 
the distinct advantage over the elastic theory approach in that it 
deals with the strength values of brick and mortar and these are 
readily and accurately measurable quantities, whereas the elastic 
theory requires the determination of the elastic constants of brick 
and mortar, and being inelastic materials, these not only vary 
according to the level of applied stress but are hardly measurable 
near ultimate load. 
More important however, the "strength" approach accounts for the change 
in material property of the brick and mortar in a state of multiaxial 
stress, which is indeed atypical feature in the behaviour of brittle 
materials. 
It is felt necessary to give, at this point, an outline of the proposed 
failure criterion for brickwork in axial compression so that the reader 
may appreciate the objective behind each phase of the research programme 
as listed in Section lou.. A complete development of the failure cri-
terion will, of course, be detailed in a later chapter. 
In order not to introduce peripheral factors which may complicate the 
basic problem, the investigation will be confined to the study of the 
behaviour of stack-bonded brickwork prisms (i.e of one brick unit 
with no perpends), as shown in Fig. 1.1(a), subject to axial compres- 
sion using solid/ 
Fig 1.1 (a) Brickwork Prism under Axial Load 
cr 
TX 0-A GA TX 




Fig 1.1(b) Brick Element under 	Fig 1.1(c) Mortar Joint under 
Vertical Compression 	 Triaxa1 Compression 
& Bi—Lateral Tension 
(10 
sion using solid bricks (i.e. non-perforated and with no frogs). This 
eliminates consideration of the influence of mortar perpends, perfora-
tions and frogs on the brickwork compressive strength. 
11g. 1.1(a) shows a brickwork prism acted upon by an axial compressive 
load. If no bond or friction exists at the brick-mortar interface, 
both the brick and the mortar will be free to expand laterally on 
their own, the mortar expanding laterally more than the brick. However, 
in reality, the coefficient of friction between brick and mortar being 
high, about 0.7, there can be no slippage between brick and mortar 
wider a compressive load. (It can be shown that under any given 
vertical compression, the lateral force resulting from the differential 
lateral strain between brick and mortar is always less than the limiting 
friction at the brick-mortar interface.) This being so, a brick unit 
in addition to being compressed vertically is also acted upon by a 
pair of lateral tensions at the brick-mortar interface, the bi-
lateral tension being the result of the differential lateral strain 
between the brick and the mortar joint, see 119. 1.1(b). Similarly, 
the mortar joint in addition to 
,a vertical compression is acted upon 
by a pair of lateral compressive stresses at the brick-mortar inter-
face, see Fig. 1.1(c). 
In other words, the state of stress existing in a brick element within 
a brickwork prism under compression is one of vertical compression and 
bi-lateral tension, and that of the mortar joint is one of triaxia.]. 
compression. 
The development of stresses in a brick element in a brickwork prism 
subject to axial compression is best illustrated graphically. Fi g . 
1.2 shows the assumed failure envelope for brick in a state of biaxial 








to 	O-ICQ tension 
Fig 1.2 Failure Envelope for Brick in 





Fig 1.3 Failure Envelope for Mortar 
In Triaxial Compression 
(11 
directions, (T x and (Is , are equal. c and to are the uniaxial 
compressive and tensile strengths of brick respectively. Any state 
of stress to the right of this curve denotes failure. The exact 
profile of the failure envelope is presently unknown. The experi-
mental work for this thesis will include its determination. 
As the vertical compression acting on the brickwork prism increases, 
the state of stress in the brick element proceeds along the dashed 
Line OA in Fig. 1.2. Failure occurs within the brick element when 
the line OA intersects the failure envelope at A, and hence the com-
pressive strength of the brickwork prism is given by the ordinate of 
the point A. The stress path taken by the line OA is solely deter-
mined by the properties of the mortar joint under triaxial compression 
and the ratio of the thicknesses of the mortar joint to the brick unit. 
For a weaker mortar whose lateral strain is greater under load, the 
stress path travels along the lower line OB in Fig. 1.2 ., where B 
denotes the state of stress within the brick element at failure. 
51 mllarly, the compressive strength of the brickwork prism is given 
by the ordinate of the point B. 
It is possible to determine the pints of intersection A and B on the 
failure envelope from a study of the behaviour of the mortars under a 
state o±'triaxial compression which we will consider next. 
The effect of a lateral compressive pressure on a brittle material, 
such as mortar, in triaxial compression is to increase its ultimate 
crushing strength substantially. A schematic representation of the 
failure envelope for mortar in triaxial compression is given in Fig. 
1 .3. Much work has been done in this area for concrete where it is 
found that the major principal stress at failure is increased by 
approximately four times the confining pressure. There are a few 
similar experiments/ 
(12 
similar experiments carried out on cement mortar. However no investi-
gation into the behaviour of brickwork mortar under triaxial compression 
has been undertaken so far. Therefore, it is necessary to establish 
the principal stress relationship for brickwork mortar in triaxial 
compression experimentally, and this will be carried out in the pro-
posed testing programme. 
A study of the behaviour of the brickwork mortars in triaxial compres-
sion will enable curves A'A and BIB in Fig. 12 to be drain. These 
curves are, of course, modified to account for the ratio of brick to 
mortar thicknesses in order to satisfy the equilibrium of lateral 
forces in the brickwork prism. The ultimate strengths of the brick-
work prism are represented by the compressive stresses at the points 
of intersection, A and B, between the failure envelope for brick and 
the curves AtA and BIB. 
Up to this stage, it has been implicitly assumed that the lateral 
stresses in both the brick and the mortar joint are uniformly distri-
buted throughout their thicknesses. In actuality, the stresses 
resulting from the differential lateral strains between the brick 
and the mortar elements act along the interfaces of the brick and 
the mortar joint. In what manner these shear stresses along the 
brick-mortar interface are distributed is presently not clear. The 
lateral tensile stress distribution within each of these elements 
will depend upon how these stresses at the interface are distributed, 
in addition to the geometry of the brick unit and the mortar joint. 
1.4 PROPOSED RESEARCH AND TESTING PROGRJUiME 
It is now apparent that in order to formulate the proposed failure 
hypothesis for brickwork in compression, information pertaining to 
the behaviour! 
(13 
the behaviour of brick and mortar under their appropriate states of 
stress are necessary, and also information concerning the lateral 
stress distribution within these elements. 
In this research it is proposed to investigate: 
the behaviour of brick under a state of compression-tension-
tension stresses 
the behaviour of brickwork mortar under a state of triaxia]. 
compression 
the lateral stress distribution on brick and mortar elements 
in brickwork under axial compression. 
In regard to (a) above, since it has not been possible to devise a 
testing method which can produce a state of compression-tension-
tension stresses in brick, the study is confined to a two-dimensional 
state of biaxial compression-tension stresses. 
As brick is not a castable material like concrete, the choice of 
testing methods which can generate a state of biaxial compression-
tension stresses in brick is very limited. The range of testing 
methods available will be discussed in greater length in Section 2o4 
which deals with the biaxial compression-tension of brittle materials. 
In the light of this limitation, 4.t was decided to carry out the bi-
axial compression-tension tests on bricks by the two methods listed 
below: 
Direct Compression and Tension 
In this method, in addition to a direct tension applied to a 
briquet specimen horizontally, the specimen is vertically com-
pressed at the same time. The details of the experimental 
technique and the test results are given in Chapter 3. 
Hollow Cylinders! 
(Th 
(2) Hollow Cylinders 
In this method, a fluid pressure is applied to the core of a cera-
mic pipe. This internal pressure produces a circumferential 
lateral tension in the pipe. At the same time, the pipe is com- 
pressed along its longitudinal axis. The details of the experiments 
and the test results are discussed in Chapter 1 
The triaxial compression of brickwork mortar, would be carried out in 
a standard high pressure triaxia]. equipment. The details of the 
experiments and the test results are given in Chapter 5. 
A theoretical analysis of the lateral stress distribution within 
brick and mortar elements in brickwork subject to axial compression 
would be investigated by the method of finite element analysis. 
This is discussed in Chapter 6 
Lastly, a series of compression tests would be carried out on brick-
work prisms built with one-third scale model bricks of various 
strengths using standard brickwork mortar mixes. The crushing 
strengths of these prisms would then be compared with the predicted 
strengths derived from the proposed failure theory. 
1.5 StM{ARY 
Failure in brickwork under axial compression is initiated by 
vertical tensile cracking in the brick elements. This is the 
result of the differential lateral strains in brick and mortar. 
Factors affecting the compressive strength of brickwork are 
brick and mortar strengths, the ratio of brick to mortar 
thicknesses, its slenderness ratio, and the quality of work-
manship. 	 . 
The influence of other factors on brickwork strength such as 
the presence of perpends, perforations and frogs in bricks are 
not conclusively established. 
(i5 
() ELsting failure theories for brickwork in compression, derived 
from an assumption of elastic behaviour of brick and mortar, are 
unsatisfactory. 
A "strength" approach is adopted for the proposed failure cri-
terion in which the compressive strength of brickwork is 
determined by the strength properties of brick and mortar in 
their appropriate states of complex stresses. 
Formulation of the proposed failure criterion for brickwork in 
compression requires the following information ., the determination 
of which would be carried out in the proposed testing and 
research programme: 
the behaviour of brick under a state of biaxial compression-
tension stresses 
the behaviour of brickwork mortar under a state of triaxial 
compression 
the lateral stress distribution within the brick and the 
mortar elements in brickwork under axial compression, 
(16 
CHAPTER 2 - FAILURE CRITERIA OF BRITTLE MATERIALS UNDER 
CONPLEX STRESSES 
2.1 BEHAVIOUR OF BRITTLE MATERIALS 
The need to establish a failure criterion which can adequately describe 
the behaviour of brittle materials under complex stresses has led to 
a number of investigations involving tests on a variety of materials 
which include concrete, rock, cast-iron, ceramics, glass and graphite. 
The various classical theories discussed, for example by Timoshenko 5 , 
- the maximum stress theory, the maximum strain theory, the maximum 
shear stress theory, the maximum strain energy theory, the maximum 
strain energy of distortion theory, the maximum octahedral shear 
stress theory - which were developed chiefly to explain the behaviour 
of ductile materials under load, have been found to be unsatisfactory 
when applied to brittle materials. Consequently, the search for a 
suitable failure criterion for brittle materials continues. 
The research into the behaviour of brittle materials under stress may 
be broadly categorised into two levels. At the "phenomenological" or 
"strength" level, the investigation is principally concerned with the 
strength performance of the test material under varying stress com- 
binations. A number of investigations have been carried out in this 
field, but of late it is realised that a satisfactory failure criterion 
is more likely to coma out of a more fundamental study of the material. 
Therefore, an increasing amount of work on the behaviour of brittle 
materials is now being done at the "structural" or "fracture. mechanics" 
2 oval. 
In the past, it was the hope that there would exist a single criterion 
which could/ 
(17 
which could describe the failure of brittle materials under all 
states of applied stresses. A survey of recent literature tends 
to indicate that it is probable that more than one criterion will 
be necessary, since it is recognised that there are two basic modes 
of failure in a brittle material, viz, separation or cleavage frac-
ture (tensile failure) and sliding or friction fracture (shear 
failure). 
The two available failure criteria which best describe the behaviour 
of brittle materials under stress are:- 
Coulomb Is shear failure theory 
Griffith's flaw theory. 
Each of these will be discussed in greater detail in a later section. 
It is interesting to note that the first of these theories is at the 
phenomenological level and the other is at the structural level. 
As explained in Section 1 .ii, only two particular states of combined 
stresses are of. interest in this thesis and these are:- 
the biaxial compression-tension strength 
the triaxial compression strength. 
202 COULOMB'S SHEAR FAILURE THEORY 
Coulomb(15) introduced the simplest and most useful criterion for 
shear failure in materials • In this criterion, the shear stress 
causing failure across a plane is linearly related to the normal 
stress acting on the plane, given by the equation 
t = s + 
0 
where 
t .= shear stress 
(T 	normal stress 
shear strength of the material at zero normal. stress 
(18 
/4. = coefficient of internal friction of the material. 
Shear failure occurs in the material when 
t - 11UcT > so 
In a two dimensional case, the normal and shear stresses across a 
plane in terms of their principal stresses, see Fig. 2.1, are;- 
*(- +o 3 )+(o 	5)cos 2 	.o............(2.3) 
= -1( -0 3 )sin 2 
where 
= major principal stress 
= minor principal stress 
fi = inclination of the normal to the plane to the major 
principal stress. 
Using equations (2.3) and (2.4), 
t-ua= 2(1 5)L8in2?/2c052f]p(0 +5) 
which is maximum when 
tan 2? = 
- 
	
•00••• • o• • S SO S (2.6) 
and .its maximum value is 
• 7LJcJ 	2(1 
-)2 
+ 1 ) - ,LL(a. + cr3 ) 
Therefore, Coulomb's criterion, from equations (2.2) and (2.7) is 
T 	+,,U] >, 2s 3 [~U~ 	J  0 
.. ..• .. ... • ..(2.8) 
This is a linear equation denoted by the line pq in Fig. 2.2 The 
intercept! 
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Fig 2.3 COULOMB & GRIFFITH CRITERIA FOR BIAXIAL 
COMPRESSION—TENSION 	. 
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intercept c0  which is the uniaxial compressive strength is given by 
c = 2s [ 2 + 1) / ] 
0 	 0 
Rearranging equations (28) and (2.9) and eliminating 	the 
resulting equation becomes 
63 	11 + 1) + 
 C 	C 	
2 	 + 	 oeeo...e......o(2.10) L  ht +1)_,Uj 
ulmbs criterion may not be extended completely into the tensile 
range, since the physical conditions require the normal stress 0 
to be positive. The limit of applicability of the criterion so long 
as T is positive, from equation (2.3), is 
ci- = *(O ci 3 )+2(0 1 _3)Cos 2fl 
Substituting for fl given in equation (2.6), equation (2.11) becomes 
0.1 [g2 + 1)1 	+ 	[ 2 	0 00000000**00000(2.12) 
and this combined with equation (2.8) requires 
i> + 1) 	 c0 	eoo......o...o.(213) 
The point q in Fig. 2.2  marks the limit of Coulomb's criterion. 
For 	 the failure criterion is defined by what is known as 
a "tension cut-off" given by the equation 
0 = -t 3 	0 
where 
0005 5055 0 0. SSOS (2 .1).i.) 
to is the tensile strength of the material. 
Both the original and the modified Coulomb criteria for the biaxial 




Paul (45)  made a similar modification to the Coulomb criterion in the 
compression-tension zone. In his analysis, it is assumed that the 
brittle material will faiJ. in shear where the shear stress reaches 
the critical value 	or in tension where the tensile stress reaches 
the critical value t 0, whichever occurs first. This leads to the 
criterion 
	
r 	ct 	 11 
for a- 1  > ci - s2YhfI 
	








The important conclusions to be drawn from Coulomb's analysis are:- 
The principal stress relationship is linear, 
The intermediate principal stress (12 does not affect failure, 
and the fracture plane passes through the direcion of the 
intermediate principal stress, 
Mohrs hypothesis (38)  is a generalised form of the Coulomb shear 
criterion, in which the normal stress 	and the shear stress 
across the failure plane are related by .a function involving the 
characteristic of the material, 
= f(o) 	 0• Os.. .... .o. • ( 2.17) 
The relationship is not defined by an explicit formula, but is to be 
obtained experimentally as the envelope of the Mohr circles correspond-
ing to failure under a variety of conditions. 
203 GRIFFITH S FLAW TBE OR! 
In order to explain the cause for the low tensile strength of brittle 
materials, in particular of glass, when compared with the theoretical 
strength calculated from intermolecular forces, Griffith (23) postulated 
the existence! 
(21 
the existence of minute flaws in these materials, the presence of which 
greatly affected the fracture strength in tension. His theory is based 
on the assumption that fracture initiates at these cracks as a result 
of very high tensile stress concentrations which are induced at the 
crack tip when the material is loaded. 
Griffith assumed that a crack could be regarded as a very flat 
two-dimensional ellipse. The tangential stress on the boundary of the 
elliptical crack in a loaded material, as shown in Fig. 2.4, is given 
in an analysis by Inglis (29) as:- 
O' y [m(M + 2)cos2  bf sin2o]+0[1 + 2m)sin 2o(- m2 Cos o(J 
- 	[2(1 + m )slno( cos o(] 
2 2 	2 mcoso +ji( 
..0..... 000••• (2.18) 
where 
tangential stress on the boundary of the elliptical flaw 
m = b/a, ratio of semi-minor to semi-major axis of the ellipse 
o( = eccentric angle of ellipse 
(T = normal stresses in material surrounding the elliptical flaw 
XY 	t= shear stress in material surrounding the elliptical flaw 
with the sign convention that compression is positive. 
In a very flat ellipse, the maximum tensile stress will occur near the 
tip of the elliptical flaw, i.e. oC - 0. Neglecting terms of second 
order or higher which appear in the numerator in equation (2.18) 2 the 
expression simplifies to 
2 (07 m - 
=  
2 	2 xu+oC 
It is noted from this simplification that the stress T. x which lies 










Equation of ellipse: 
X = a. COS CK 
y = b.sinoc 
where a = eccentric angle 
rn = b/a 
Fig 2.4 STRESSES ACTING ON MATERIAL SURROUNDING 
A TWQ_DIIvLEiSlONAi ELLIPTICAL FLAW 
(22 
on the boundary stress near the tip of the flaw. Cn similar ground, 
• 	the influence of the intermediate stress C can be ignored. The 
maximum tangential stress on the boundary of the elliptical flaw is 
given when 
d 
._12. = 0 
do( 
Differentiating equation (2.19) and eliminating o( , the following 
expression is obtained:- 
b.m = 	
— (2 + t 2 )* 
In terms of the principal stresses whose relationships to the normal 
and shear stresses are 
= 	 +O3 Cos 2 
cr = o 1 2 
— O)sin 2 
where 
00S•0 ••• ....(2.21 ) 
principal stresses, (1 
angle between the direction of the major principal stress 
ci  and the y-axis, 
equation (2.20) becomes 
16-1 Cos e + asin&] — [acos2 + 1sin2,j 
0 0 • 	00 • • • • •• (2.22) 
The orientation of the stresses 1' (13 which makes T b  a maximum 
is given by differentiating equation (2q22) 
-t 
= 	[2 3 — 26, + 	
— 	 I 	cos ((T Cos +o sin a)j 
•000•00 .... oes .(2,2.3) 
(23 
This is zero if 	O, 	 *T,  or 
cos 2= -1( - (13)1(cYl + Cr3 ) 
The inclined position exists only if cos 2 	... 1, which requires 
+ 3O) > 	0 
Using equation (2024) in equation (2.22. ) gives 
Crb.m = - (Cr1 - (1)/l(Q + Cr3 ) 
For (Cr + 3(5) 	0, i.e. (13 must be negative, the greatest tensile 
stress in the crack surface occurs when 8 	and has the value 
from equation (2.22) 
= 2Q 
It is now assumed that failure takes place when this maximum tensile 
stress in the crack reaches some value characteristic of the material. 
If to is the uniaxial tensile strength, so that 0'3 = - t0 , then 
- 2 to 	 ...............(2.28) 
Combining equation (2.26) and (2.28) gives 
- (13)2 - 8 t0 (Cf1 + (73 ) = 0, if (C 1 + 3a 3 ). 0 
000s• (2.29) 
which with 
(13 = - to , 	if (0-1 + 3 d) < 0 	...............(2,30) 
constitutes the Griffith criterion for failure. 
It may be seen from equation (2.29) by putting 	= 0, that Griffith's 
material has a compressive strength c equal to 8t.. The biaxial com-
pression-tension relationship is indicated in Fig. 2.3. 
Equation (2.29) may be rewritten for the compression range in terms 
of c as 
0 
-' 
+F+ * 	...............( 2.31 )
21 
- = . + c  
0 	 0  
(24 
It is worthwhile noting that the following assumptions have been 
implied in the above analysis: - 
Failure is caused by fracture initiation of a single crack. 
Adjacent flaws do not interact and local variations in material 
properties are ignored. 
The analysis is treated two dimensionally, and the influence of 
stress in the third direction is insignificant. 
McClintok & 	 and Brace 	modified Griffith's theory by 
assuming that in compression Griffith's cracks close and a frictional 
force develops across the crack surface. In this event, failure occurs 
when 
= 	 .+1 
(1 	 * 0 
with 
 
90•S•9S S • ( 2.32) 
C 





is the coefficient of internal friction. 
Equation (2.32) is linear and identical to Coulomb's failure criterion 
gives by equation (2.10) in section 2.2. The original and the modi-
fied. Griffith criteria in the compression range are shown in Fig. 2.5. 
iurre1) extended Griffith's criterion to three dimensions and the 
resulting paraboloid of revolution whose axis is the line T 
=0  2 
0 3 
has the equation 
+.  (6'2 - 	- 0 i ) 2 	214t(0 	2 + 
•00• .0.0(2 03b) 
It follows from equation (2.34) that the uniaxial compressive strength 
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C 	= 12 t0 
which is an improvement over the low value of 8t0 derived from the 
plane theory. 
Murrell 's three dimensional criterion, unlike the plane Griffith's 
or Coulomb's criterion, predicts an influence of the intermediate prin-
cipal stress. This criterion, however, is purely a geometrical 
extension of the plane criterion and is not derived from a fundamental 
analysis. It does not account for the closure of cracks in compres-
sion. 
2.4  BIAXIAL COMPRESSION-TESIoN STRENGTH 
Various testing methods have been employed to determine the biaxial 
compression-tension failure envelopes of brittle materials. These 
are listed below, and the merits and limitations of each of these 
methods is discussed: 
Direct Tension and Compression 	' 
Hollow Cylinders: Hoop Tension and Axial Compression 
Hollow Cylinders: Torsion and Axial Compression 
()4) Flexural Tension and Compression 
Plate Test 
Indirect Tensile Splitting Test 
1. Direct Tension and Compression 
This method involves the application of a direct tensile and a 
compressive stress in perpendicular directions on a test specimen. 
Two main difficulties arise from this test arrangruent. The first 
is that it is often difficult to achieve a truly uniform tensile 
stress in the specimen under direct tension. The' other is the 




In his experiments on Concrete and mortar, Vile (60)  used a dog-
bone shape specimen shown in Fig. 26 on which a tensile force 
was applied with the aid of special grips devised by Ward(61). 
Compression in the perpendicular direction is applied through a 
pair of cubes of similar material as the test specimen with the 
view to eliminate the presence of platen restraint. 
Kupfer et al. 	avoided the problem of platen restraint by 
introducing Hilsdorf brush platens made up of closely-packed 
flexible steel bristles to load on concrete square plate specimens. 
For the tensile stress, the ends of the filaments were glued to 
the concrete faces of the specimen. The flexibility of the brush 
platen permitted free movement of the concrete faces in contact 
with the load platens. 
Notwithstanding the difficulties stated above, this teat method 
has the distinct advantage in providing'a homogenous stress field, 
and the unknon effect of stress gradient on failure is therefore 
absent. 
2. Hollow Cylinders: Hoop Tension and Axial Compression 
In this method, a hollow cylinder is subjected to an internal 
pressure producing a circumferential or hoop tension in the wall 
of the cylinder, and in addition, an axial compression is applied 
along its length. 
Provided a specimen of sufficient length to diameter ratio is 
selected, the influence of the compression platen restraint on 
the stress field in the test cylinder is insignificant. The 
disadvantage associated with this method of compression-tension 
test is that the stress field is not strictly biaxial. There 





Pig 2.6 USE OF CONCRETE CUBES TO APPLY 
COMPRESSIVE STRESSES TO TENSION 
SPECIMEN (after VILE) 
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Fig 2.7 CYLINDER SPLITTING TEST: STRESS DISTRIBUTION 
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of the internal pressure acting on the inside face of the 
cylinder to zero on the external face. Since failure is nor-
mally assumed to initiate at the inner face of the cylinder 
under this system of stresses, the presence of the radial com-
pression may be material. Moreover, the stresses created are 
not homogenous throughout the cylinder wall and a stress gradient 
exists. However, these effects are usually minimised by using 
Cylinders of very thin walls for the tests. 
This method was used by McHendry and 	and by Tsuboi and 
senaga 	in their biaxial compression-tension tests on concrete. 
In order to determine the influence of the intermediate stress on 
failure, Caznpbell_A1J.en(12) tested hollow cylinders under combi-
nations of internal and external pressures, together with an 
axial compression. The biaxial compression-tension failure of 
cast-iron was investigated by Grassi and Cornet (22) , Coffin ( 1 3), 
Cornet and Grassi (14)  using hollow thin-walled tubes. Similar 
tests were carried out on graphite tubes by Ely (1  and on poly-
crystalline alumina ceramics by Broutmari and Cornish 8 . 
3 0 Hollow Cylinders: Torsion and Axial Compression 
A state of biaxial compression-tension stresses exists when shear 
stresses, produced by twisting a hollow cylinder, are combined 
with an axial compression. One of the principal stresses will 
be tensile when an element is acted upon by shear stresses. 
A number of investigators have employed this method of strength 
test on concrete, probably because this particular combination 
of shear and compressive stresses are commonly found in loaded 
reinforced concrete members, and therefore, the problem is of 




and saenaga 5 , Reeves, Isenberg 	, and Goode and Helzny(21). 
However, a serious objection to the choice of this method for the 
determination of the biaxial compression-tension strength of 
inelastic materials, such as concrete, is that the computation 
of the values of the failure stresses derived from an elastic 
analysis will not be altogether correct. Isenberg 	found 
that the biaxial envelope derived from stresses at discontinuity 
(i.e. proportional limit on the stress-strain curve, see Newman) 
differs considerably from that derived at failure, see Fig. 2.12. 
Li.. Flexural Tension and Compression 
In this method of biaxial compression-tension test, a rectangular 
bean specimen is subjected to bending which provides a longi- 
tudinal tensile stress, and an axial compression is applied to the 
specimen in a direction normal to the plane of bending. 
The only recorded experiment using this technique is that of Sith 2 ). 
The principal objection to this method of biaxial testing is, that 
the tensile strength from flexure test is calculated on the assump-
tion of a linear relationship between stress and strain. Blakey 
and Beresford 	have pointed out that the tensile, stress distri- 
bution is not linear but parabolic. Furthermore, the maximum 
tensile stress in bending is confined to only the extreme fibre 
of the cross-section of the beam, and therefore, the assumption 
that, failure is initiated at this point in the bean when the 
tensile stress reaches .a critical value may not apply. 
It is therefore understandable that this method of biaxial com-
pression-tension test .is not favoured by other researchers. 
5. Plate Test 
By loading transversely on an opposite pair of corners of a rhombic 
plate! 
(29 
plate supported on the two remaining corners, a state of biaxial 
compression-tension stresses is created which is maximum at the 
centre of the plate. By varying the ratio of the major to minor 
diagonal of the rhombic plate, different combinations of compres-
sion-tension stresses may be obtained. 
This test method suffers the same disadvantages as those described 
in Method (Ii.) "exural Tension and Compression" and is therefore 
not an attractive method to choose. 
6. Indirect Tensile Splitting Test 
In a cylinder splitting test, the state of stress along the loaded 
diameter in the specimen is biaxial compression-tension, as shown 
in Fig. 2.7, An examination of the stress distribution reveals 
that the lateral stress 0 
x  is tensile and uniformly distributed 
over nearly the whole length of the loaded diameter, while the 
vertical stress T is compressive and increases to infinity at 
the loaded points. Thus, different ratios of compression-tension 
stresses exist along the loaded diameter of the specimen. 
In his method of determining the biaxial compression-tension 
failure envelope for concrete, Desayi(17) assumed that at failure, 
the cylinder splits wholly and concurrently across the length of 
the loaded diameter, and therefore, it follows that the varying 
compression-tension stress ratios along the loaded diameter would 
define the biaxial failure envelope. In other words, the biaxial 
compression-tension failure envelope may be derived from a single 
cylinder splitting test. 
Unfortunately, Desayi ' s assumption that failure in a cylinder 
splitting test takes place concurrently over the whole lenh of 
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Fig 2.9 TSUBOI & SUENAGA'S BIAXIAL COMPRESSION—TENSION 
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Fig 2.10 BROUTMAN & CORNISH'S BIAXIAL COMPRESSION-TENSION 
TEST DATA FOR ALUMINA CERAMICS 
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Of considerable interest are the results of Vil e  (60) in Fig. 2.11 
and of Isenberg ' in Fig. 2.120 Vile obtained differing biaxial 
failure envelopes, the profile of which appears to be affected by 
the volume fraction, V  of the coarse aggregates in the concrete 
mix. For mortar mixes where V1' = 0, there exists a concavity in 
the biaxial curve. Similarly, it is significant to note that the 
biaxial envelopes given by Isenberg at discontinuity and at failure 
stresses are essentially different. At discontinuity, the biaxial 
curve is distinctly concave. The validity of the biaxial curve at 
failure stresses derived from the method of torsion and compression 
test, as discussed earlier, is suspect. 
The significance of the observations on Vile's and Isenberg's test 
data will be discussed in greater detail in Chapter 4. 
2.5 TRIAXIAL C0IPRESSI0N STRENGTH 
The term "triaxial compression" has now been chosen to describe three 
dimensional compression with equal minor principal stresse i.e. 
cr 	2 
where 
= major principal stress 
6 2 (13 = minor principal stresses 
In the general case where the principal stresses are of unequal magni-
tude, i.e. (T > 2 	(13 , the term "polyaxial compression" is 
used. The particular state of triaxial compression is of interest 
in this thesis. 
Unlike the case for biaxial compression-tension strength where a 
wide choice of test methods is available, the test for triaxial 
compression is inevitably conducted in a hydraulic cell because in 
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cylindrical specimen placed in a pressure chamber is subjected first 
to a fluid pressure and then loaded axially to failure. 
Where it is proposed to investigate into the influence of the inter -
mediate principal stress 	2 on failure, the triaxial cell will not 
be a suitable apparatus and other test arrangements are therefore 
necessary. Three dimensional compression on cubes, and use of hollow 
cylinders subject to internal and external pressure combined with 
axial compression are alternative test methods for polyaxial compres-
sion. 
Numerous triacLal compression tests have been carried out mainly on 
concrete and rocks, since 	 experiments on marble in 1911. 
A comprehensive reference to works on triaxial compression on rocks 
may be found in Hoekts(27)  report. Some published results on the 
triaxial compression of concrete and mortar are given in Fig. 2.13 
where the number designated to each curve may be referred to Table 
2.2 which lists the sources from which the data have been extracted, 
Also indicated in Fig. 2013 are the curves corresponding to the original 
and the modified Griffith criteria, 
It is evident from an examination of Fig. 213 that the principal 
stress relationship for concrete and mortar is not linear, as pre-
dicted by the modified Griffith criterion (which it is recalled is 
identical with the Coulomb criterion). The experimental curves suggest 
that the coefficient of internal friction AL may not be constant but 
perhaps reduces with increasing compression. Although parabolic, the 
original Griffith criterion gives strength values well below the 
experimental results. 
A comparison between the failure envelopes for concrete and those for 
mortar shows that the increase in ultimate strength of concrete with 
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Pig 2.13 TRIAXIAL COMPRESSION STRENGTH OF CONCRETE 
& MORTAR 
TABLE 2 2 - TRIAXIAL COMPRESSION OF CONCRETE & MORTAR 
Graph No. Author & Ref. No. 	Material & Nix 
1 
	
Balmer (2) (1919) 	1:2.86:447 concrete 
2 
	
Akroyd (1) (1961) 	1:3.42:5.59 concrete 
3 
	
Gardner (20) (1969) concrete Wx not given) 

























1 	The two failure criteria which best describe the behaviour of 
brittle materials under complex stresses are 
Coulorbts shear failure theory 
Griffith's flaw theory. 
2. Coulomb's theory predicts a straight line relationship between 
the major and minor principal stresses at failure, given by the 
equation 
= 0-3 [2 +1)+,ALl 
a 	c 	 1 
L + 
where 
• 	= major principal stress 
(T3 = minor principal stress 
a 
0 
= uniaxial compression strength 
,JA = coefficient of internal friction 
It is necessary to modify the criterion for part of the biaxial 
compression-tension region near the uniaxial tensile strength 
axis by a tension cut-off defined by the equation 
= -t 
3 	 0 
where 
t = uniaxial tensile strength0 
0 
30 Griffith's flaw theory produces a parabolic strength relation-
ship between the principal stresses, given by the equation for 
the compression quadrant: 
=/+ 	+ * 	 ) c 
0 	• 	0 	0 
In the! 
(314. 
In the compression-tension quadrant, the criterion consists of 
two parts defined by the equations: 
for (C +333)> 05  
( 	- 	- 8t( 	+ 	3 ) 	 0 	o.o.e....000...(2.29) 
for ( 	+ 3 3 ).O, 
J•3 = - t 	 • • • • • S •0•SS 0(2.30) 
where 
to = tensile strength. 
Griffith 's material has a unia.xial compression strength c 0 
equal to 8t 
0 
4. The original Griffith criterion given in (3) above is modified 
to account for the closing of cracks in compression, and the 
resulting criterion is identical with the Coulomb criterion, 
5. Two particular states of combined stresses are of interest in 
this thesis, and they are:- 
biaxial compression-tension 
triaxial compression. 
6. Of the various test methods available for the determination of 
the biaxial compression-tension strength of brittle materials, 
the two most favourable methods are:- 
direct tension and compression 
hollow cylinders: hoop tension and axial compression. 
7. Triaxial compression tests in which the minor principal stresses 
are equal are most conveniently carried out in a hydraulic cell 
where the cylindrical specimen is subjec.ted first to a confining 
fluid pressure and then loaded axially to failure. 
8.1 
(35 
The principal stress relationship for concrete and mortar obtained 
from experiments is not linear as predicted by the modified 
Griffith or Coulomb criterion. 
The increase in ultimate strength of concrete with increasing 
confining pressure is higher than that for mortar. 
(36 
CHAPTER 3 - BIAXIAL COMPRESSION-TENSION STRENGTH 
TESTS ON ONE-THIRD SCALE MODEL BRICKS 
3.1 INTRODUCTION 
It was pointed out in Chapter 1 that the state of stress in a brick 
element within a brickwork panel under vertical compression is a com-
bination of vertical compression and bi-lateral tension. The bi-lateral 
tension is the result of the differential lateral strain between the 
mortar and the brick element; the mortar joint tends to expand laterally 
more than the brick and in so doing imparts a tensile stress to the 
brick. 
In order to be able to develop the proposed failure theory for brick-
work in compression as described in Section 1 .3., it is necessary to 
investigate the behaviour of brick under a state of compression-tension-
tension stresses. However, since it was not possible to devise a 
testing method which could generate a state of compression-tension-
tension stresses in brick, the study was confined with regret to a 
biaxial state of compression-tension stresses. Even so, brick being 
a non-castable material, the choice of testing methods which can 
produce the desired stress field is very limited. 
In this chapter, an experimental investigation carried out to deter-
mine the biaxial compression-tension strength relationship for brick 
is described, using the method of direct tension and compression on 
one-third scale model bricks of various strengths. Some compression 
and tension strength tests were also carried out. 
Twooseries of one-third scale model bricks were used in these tests. 
The bricks in the first series were designated as types A' 	C and 
D whose B.S. crushing otrengtha Were 32214, 14149, 9336 and 134148 m:,in2 
(22.33,1 
(37 
(22.23, 31.36, 614.37, 92.72 ?IN/m2 ) respectively-. The second series 
of bricks, which were to supplement the first series, were designated 
as types K, L, N and N, and their B.S. crushing strengths were 291414, 
913, 10620 and 15448 lbf/in2 (20.30, 62.98, 73.22, 106.51 NN/m2 ) 
respectively. 
3.2 CONPRESSION SThGTH 
The physical dimensions, B. S. crushing strengths and water absorption 
properties of the one-third scale model bricks, types A. B, C and D, 
are listed in Tables 3.1 and 3.2 The B.S. crushing strengths, in 
both soaked and dry conditions, for types K, L, H and N are listed in 
Table 303. Soaked bricks were kept in water for at least 24 hours, 
and dry bricks were dried in an oven at 110 degrees Centigrade for 
lday. 
From Table 3o3, it is noted that for the B.S. crushing strength test, 
bricks tested in a dry condition yielded higher strengths than those 
tested soaked. 
Compression tests were also carried out on soaked bricks, types A 
(B0 S. 32214 lbf/in2 ) and D (B. S. 1314148 lbf/in2 ), tested on end with 
different capping material in an attempt to establish a test condition 
which would give strength values representing the uniaxial compression 
strength which is the compression strength of a material free from 
the influence of the loading platens in a compression test, and is 
therefore an intrinsic property of that material. 
A brick tested on end had a height :width and a height :thickness 
ratio of 201 and 300 respectively. For each brick strength, the 
test results for four and conditions - three using different capping 
materials and one without - are given in Table 3.4. 
&cept for teats where 1/8 in.! 
TABLE 3.1 -DIMENSIONS OF ONE-THIRD SCALE MODEL BRICKS, 
TYPES A, B, C, D. 
Type A (BS 3224 lbf/in2 ) Type B (BS 4549 lbf/in2 ) 
Dimensions (ins) Dimensions (ins) 
Length Width Thickness Length Width Thickness 
Mean Value 3.09 1.47 1.03 3.03 1.45 0.99 
Range 
Max. 3.13 1.49 1 . 04 3.05 1.45 0.99 
Mm. 3.06 1.46 1.02 3.00 1.144 0.98 
Coefft.of 
var. (%) z.l.O 1.O. 1.O e_ 1 .0 1.O .1.0 
No. of specimens 10 10 10 10 10 10 
Type C (BS 9336 lbf/in2 ) Type D (BS 1 3L .8 lbf/in2 ) 
DimensiorS (ins) Dimensions (ins) 
Length Width Thickness Length Width Thickness 
Mean value 3.04 1.I4 1.00 2.99 	1.41 0.98 
Range 
Max. 3.07 1..45 1.01 3.02 	1.12 0.99 
Mm. 3.00 1.44  1.00 2.96 iJi 0.97 
Coefft. of 
var. 	() 1.0 .1.0 1.O .1.0 	1.0 1.0 
No. of specimens 10 10 10 10 	10 10 
1 in = 2.54 cm 
TABLE 3.2 - B.S. CRUSHING STRENGTH (SOAKED) & WATER 
ABSORPTION OF ONE-THIRD SCALE MODEL BRICKS, 
TYPES, A, B, C, D. 
Brick type A B C D 
Mean value (1bf/1n2 ) 3224 4549 9336 13448 
Range (lbf/in2 ) 
Max. 4O47 5051 10156 14319 
Mm. 2548 LiBLL 8929 12149 
Coefft. of var.() 15.3 7.3 4.0 5.2 
No. of specimens 20 10 10 10 
Water abaorption(%) 12.0 11.2 11.5 9.3 
TABLE 3.3 - B.S. CRUSHING STRENGTHS (SOAKED & DRY) OF 
ONE-THIRD SCALE MODEL BRICKS, TYPE K, L, N, N. 
Brick type K L N N 
Mean value(lbf/in2 ) 29141 9135 10620 154148 
Range (lbf/in 2) 
N 111ax. 3526 9935 11677 16027 
2447 8575 9373 136814 
Coefft0 of var.() 12.8 5.7 S 7,3 4.7 
0 
" No. of specimens 10 10 10 10 
Mean value (lbf/in2 ) 141498 10706 12389 161407 
Range (1bf/in2 ) 
Max. 5631 121433 114086 171401 
Nine 3448 9298 9108 16162 
Coefft. of var.(%) 114.5 9.6 13.7 14.14 
No • of specimens 10 10 10 10 
1 lbf/in2 = 6.89148 x io 	/m2 
TABLE 3.4. - EFFECT OF DIFFERENT CAPPING MATERIAL ON 
THE COMPRESSION STRENGTH OF ONE-THIRD 
SCALE MODEL BRICKS TESTED ON END (SOAKED) 
BS crushing strength 
(].bf/in2) 
3224 	(Type A) 
Capping material nil 1/8 in plywood 1/16 in ptfe MG-A pad. 
Mean value (lbf/in2 ) 2580 24.09 2089 274.7 
Range (lbf/in 2  
Max. 3595 2811 2500 3802 
Mm, 1228 2042 1553 1775 
Coefft, of var. (%) 30.0 1111 16.7 25.2 
No. of specimens 10 10 10 10 
BS crushing strength 
(].bf/in2) 
13448 (Type D) 
Capping material nil 1/8 in plywood 1/16 in ptfe MG-A pad 
Mean value (].bf/in2 ) 10103 11633 4.855 9832 
2 Range (lbf/in ) 
Max, 12353 12644 5398 11737 
Mm, 8624. 10375 4.150 7716 
Coefft. of var. (%) 12.2 6.0 8.9 '15,8 
No, of specimens 10 10, 6 10 
I lb in = 6,8914.8 x io 
M. 3 MN/rn2 
(38 
Except for tests where 1/8 in (3.18 mm) thick plywood was used as 
a capping material, the ends of every specimen were cut parallel 
with the aid of a rock-cutting machine to a tolerance not exceeding 
0.003 in (0076 mm). 
The MGA pad was a frictionless sandwich layer consisting of a Melinex 
polyester film, gauge 100, and a hardened aluminium foil 0.001 in 
(0025 mm) thick, with a thin layer of Molyslip grease in between 
(see Hughes & Bahraian(28)). In use, the aluminium face of the MGA 
pad was placed towards the brick specimen. 
The effect of the 1/8 in (3.18 mm) plywood on the crushing strength., 
though not apparent for the low-strength brick, was significant for 
the BS 13448 lbf/in2 brick • The heavy indentation of the brick into 
the plywood served as a lateral restraint on the brick which resulted 
in an Increased compression strength. 
The 1/16 in (1 -59 iwn) thick p.t.f.e. (polytetrafluoroethylene) sheet 
yielded particularly under high pressure and induced premature tensile 
splitting failure in the brick which explains the very low figure of 
4855 lbf/in2 (33.47 MN/rn2 ) obtained for brick type D. 
There was little difference in strength between the bricks tested 
with MGA pads and those without any capping material. The usefulness 
of the MGA pads was not apparent perhaps because the influence of the 
end restraint in a test specimen of height :width ratio of the order 
of 21 to 30 was not serious. However, the compression strength of 
brick tests on end using MGA pads had been taken to represent the 
uniaxial compression strength of the brick. 
The uniaxial compression strength of brick types C (BS 14549 lbf/in2 ) 
and D (Bs 9336 lbf/in2 ) were also determined using soaked bricks,. 
and the results are seen in Table 3.5. 
TABLE 3.5 - IJNIAXIAL COMPRESSION STRENGTH (SOAKED) 
OF ONE-THIRD SCALE MODEL BRICKS, TYPES 
A, B, C, D. 
Brick type A B C D 
Mean value (lbf/in2 ) 2747 3961 6847 9832 
2 











Coefft. of var. (to) 25.2 6.3 14.9 15.8 
No. of specimens 10 10 10 10 
TABLE 3,6 - UNIAXIAL COMPRESSION STRENGTHS (SOAKED 
& DRY) OF ONE-THIRD SCALE MODEL BRICKS, 
TYPE K., L, M, N. 
Brick type K L M N 
Mean value (lbf/in2 ) 2974. 74.65 7299 12265 
Range (].bf/in2 ) 
Max. 357 8208 9833 13900 
Mm. 24.83 6388 6003 11467 
Coefft, of var. (%) 9.7 8.0 20.5 6,3 
0 
° No, of specimens 10 10 10 10 
Mean value (lbf/in2 ) 4576 8954. 9109 13132 
Range (lbf/in ) 
Max. 5515 10326 11572 14600 
Mm, 3834. 7778. 7492 11633 
Coefft. of var. (%) 13.5 9.5 18.5 7,2 
Noo of specimens 10 10 10 10 
I lbf/in = 6.894.8.x IO 	
,2 
(39 
Subsequently, it was decided to test the second series of bricks, 
types K. L, H and N. for their uILIaxial compression strengths in 
both soaked and dry conditions, and the values are given in Table 
3.6. Note that, as in the case of the B05e crushing strength, the 
dry strengths for uniaxial compression were also higher than the 
soaked values. 
Fig. 31 shows the relationship between the soaked and the dry uni-
axial compression strengths for brick types K,. L, N and N. The values 
of. the dry uniaxial compression strengths for brick types A. B, C 
and D, not determined experimentally but which are required for the 
establishment of the proposed failure theory, interpolated from 
Fig. 31, are approximately I60o, 5700, 8300 and 11000 lbf/in 2 (31972, 
39.30, 57.23 2 75,84 NM/rn2 ) respectively. 
Al]. compression tests were carried out in an Avery compression machine, 
and the rate of loading was 2000 lbf/in2/min (13.79 NN/m2/min). 
A comparison between the B.S. crushing and the uniaxial compression 
strengths shows that for a low strength brick, below B. S. 5000 lbf/in2 
(314.17 MN/rn2 ), the B.S. crushing strength was near enough the uniaxial 
compression strength. However, for a stronger brick, due to the heavy 
indentation of the brick into the plywood under load which served as 
a lateral restraint on the brick, the B.S. crushing strength was 
significantly higher than its UniaXIal compression strength. 
This is, of course, an observation pertaining to one-third scale 
model bricks whore the influence of the 1/8 in. (3.184nm) thick 
plywood on the brick strength in a B.S. crushing test is great. It 
may be expected that in the case of a full size brick, the influence 
of the plywood on the brick strength will be less. 
More important, however, is the influence of the pore water pressure 
on the compression strength of soaked bricks, about which more will 
be said latoy'. 
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Brick Types K,L,M,N 
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Hilsdorf'a brush platens have been used in compression tests to 
determine the uniaxial compression strength of brick (see Thomas & 
O'Leary (54)  ) in which it was assumed that the flexible steel - brushes 
would not restrain the lateral expansion of the ends of the brick 
specimen under a compressive load, and thereby eliminate the problem 
of platen influence on the compression strength of brick. The in- 
discriminate use of such brush platens can result in premature 
tensile splitting in the test specimen if the flexibility of the 
brushes under load exceeds the lateral strain in the test specimen. 
The low ratios of the compression strength using Hilsdorf a  brushes 
to the B.S. compression strength of brick reported by Thomas & 
OtLeary 	may be on this account. 
3 .3  TENSILE STRENGTH 
The direct briquet tensile teat and the indirect Brazilian splitting 
test were employed to determine the strength of one-third scale model 
1
. 	bricks on both dry and soaked specimens. 
In the direct briquet tensile test, specimens of cross-section 1 in 
square x 3 in long (2.514 x 7.62 cm) cut from the one-third scale model 
bricks on a rock-cutting machine were used. The ends of these specimens 
were capped with an AraJ.dite-sand mix to a shape similar to that of the 
standard cement mortar specimen, in timber moulds, leaving a clear 
central section of about 1 in (3.15 cm) length, see hg0 3.2 The 
purpose of the 1 1 in clear section was to accomodate a 1 in (2.514 cm) 
square compression-loaded area required in the biaxial compression-
tension test to be described in a later section. 
These specimens were then tested to failure in a Hounofield tensometor 
which may be seen laid horizontally in hg. 3.114. The tensile load in 
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Fig 3.2 	A BRICK BRIQUET SPC1MN 
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the specimen apart. The reaction to the applied load deflected a 
standard leaf-spring whose deflection actuated a mercury column. 
The applied load was read off a load scale adjacent to the mercury 
column whose movement had been calibrated against the particular 
leaf-spring in use. The rate of loading was principally determined 
by the ease with which the mercury reading could be traced, which may 
be taken to be between 200 to 800 lbf/in2/min (1.38 to 5.52 NN/m2/min) 
for these tests. 
The briquet-shaped grips used for pulling the test specimen were 
lined with a sheet of hard rubber in order to spread the applied load, 
and thereby reduce the stress concentration, at the points of contact 
with the test specimen. 
After some preliminary trials, the following Araldite-sand mix was 
found to be suitable:- 
Araldite CY 219 	 100 gins 
Hardener HY 219 	 50 gins 
Accelerator DY 219 	 6 gins 
Leighton-Buzzard sand 25/52 600 gins 
An Araldite-sand mix that was too dry would not bond well with the 
brick specimen. On the other hand, a wet mix on setting would be 
too soft and would yield under pressure at the grips. 
The timber moulds, one of which is seen in Fig. 3.3, thoroughly 
waxed before casting, were stripped after 24 hours, and the specimens ,  
could be tested 2 days or more after casting. 
In the indirect Brazilian splitting test, knife-edge loads were 
applied on the opposite faces of the one-third scale model bricks along 
its length, see Fig. 3.4. The faces of each brick had previously been 
polished flat in order to achieve a uniform knife-edge loading. 
Provision/ 
Fig 3.3 A TIMBER MOULD FOR BRIQUET SPECIMEN 
Fig 3.4 DEVICE FOR TENSILE SPLITTING TEST 
(12 
Provision was also made through the incorporation of guide plates 
adjacent to the - knife-edge platens to ensure that the knife-edge 
loads act in line. 
A 6-ton (59.78 kN) hand-operated jack exerted the load reacting 
against a self-straining steel frame. The applied load was registered 
on a proving ring. 
Since in this arrangement of the Brazilian splitting test the cross-
section of the specimen was not circular (for which the standard 
formula to = 2P/IT Dl applies, where to tensile strength, P knife-
edge load.. D = diameter of specimen, and 1 = length of specimen), a 
finite element analysis of the stress distribution within a rectangular 
section whose width:depth ratio I,/D= iJ4 in this case, was made, the 
details of which are plotted in Fig. 3.5. The lateral tensile stress 
distribution was not altogether. uniform throughout the depth of 
specimen. Nevertheless, an average k-value of 0.60 in the expression 
to = kP/Dl had been assumed in the calculation of the tensile split-
ting strengths. 
Results of the tensile tests on the first series of one-third scale 
model bricks, types A. B, C and D, from both the direct briquet test 
and the indirect splitting test are listed in Table M. There was 
a strength difference between the dry and the soaked specimens, 
particularly for high strength bricks • The existence of a pore water 
pressure in the soaked brick was the cause for the increased strength0 
However, unlike the compression test specimens, the soaked strengths 
for the tensile specimens were higher than those tested dry. The 
reason for this is discussed in a later section dealing with the 
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TABLE 3.7 - DIRECT & INDIRECT TENSILE STRENGTHS OF 
ONE-THIRD SCALE MODEL BRICKS, TYPES 
A, B, C, D. 
Brick type A B 
Tensile test Direct Indirect Direct Indirect 
briquet splitting briquet splitting 
Specimen condition Soaked Soaked Dry Soaked Dry 
Mean value (lbf/in 2 ) 192 198 273 287 238 
2 Range (lbf/in ) 
Max. 24.2 251 376 34.2 258 
}Ain. 139 117 184 216 216 
Coefft. of var. (%) 16.6 24.5 22.9 14..2 509 
No. of specimens 12 10 11 10 10 
Brick type . 	 C D 
Tensile test Direct Indirect Direct Indirect 
briquet splitting briquet splitting 
Specimen condition Dry Soaked Soaked Dry Soaked Soaked 
Mean value (1bf!/in2 ) 4.89 577 £15 686 	877 800 
Range (lbf/in2 ) 
Max, 639 629 lc702 813 	1011 966 
Min. 4.10 526 529 531 735 701 
Coefft. of var. (5) 15. 5.9 9.6 13.8 	10.2 11.6 
No. of specimens 10 10 10 10 	10 10 
I lbf/un = 6.894.8 x 10 	MN/m2 
(1&3 
Further direct briquet tensile tests were carried out on the second 
series of one-third scale model bricks, types K, L, N and N. Speci - 
mens in a dry state only had been tested. The results are presented 
in Table 3.8. The coefficient of variation in tensile strength for. 
brick types L and N were rather high. 
It may be helpful for. easy reference to summarise.. at this stage, 
the results of the various strength tests obtained so far, and this 
is done in Table 3.9. 
The indirect splitting tensile strengths compared favourably with 
those obtained from the direct briquet test. However, it must be 
remembered that the Brazilian splitting test is in itself a biaxial 
compression-tension test, for in addition to the lateral tensile 
stress, there exists a compressive stress in the direction parallel 
to the knife-edge load. Not only is there a biaxial state of stress 
in the Brazilian splitting test, the ratio of the compressive to 
tensile stresses is not oonstnnt but varies along the depth of the 
specimen. 
Nevertheless, in consideration of the relative ease with which the 
indirect splitting test may be performed when compared with the 
direct tensile test, the splitting test may be adopted for routine 
testing for the tensile strength of brick, A problem exists, however, 
in testing perforated bricks. 
The Brazilian splitting test was also carried out elsewhere' (51) 
with the knife-edge load applied across the width of the brick. In 
this arrangement, the cross-section of the specimen is very rectangular 
and the resulting lateral tensile stress distribution with depth is 
far from uniform. In this event, it is doubtful whether the tensile 
strength of brick may be derived from the indirect tensile splitting 
fomila, however modified. 	 . 	 - 
TABLE 3.8 - DIRECT TENSILE STRENGTH (DRY) OF ONE-
THIRD SCALE MODEL BRICKS, TYPES K, L, M, N. 
Brick type K L M N 
Mean value (lbf/in2 ) 226 437 4.01 908 
Range (lbf/in2 ) 
Max. 273 708 935 1042 
Mm. 173 260 266 674- 
Coefft. of var. (%) 15.5 358 4907 11.2 
No0 of specimens 10 10 10 10 
TABLE 3.9 - STRENGTH PROPERTIES OF ONE-THIRD SCALE 
MODEL BRICKS. 
lbf/in2 
Brick type A B C D 
B.S. crushing (soaked) 3224- 4.54-9 9336 13448 
Uniaxial compression (soaked) 274-7 3981 684.7 9832 
Uniaxia]. compression (dry) (i.00) (5700) (8300) (ii000) 
ensile direct (soaked) 192 287 577 877 
Tensile direct (dry) - 273 09 686 
Tensile indirect (soaked) 1198 - 615 800 
Tensile indirect (dry) - 238 - - 
Brick type K L M N 
B.S. crushing (soaked) 2944 9135 10620 15448 
B.S. crushing (dry) 4498 10706 12389 16407 
Uniaxial compression (soaked) 2974. 74.65 7299 12265 
Uniaxial compression (dry) 4.576 8954 9109 13132 
Tensile direct (dry) 226 4.37 4.01 908 
I lbf/in2 = 6.89.8 x 10 uNIM2 0 
(L1J 
A plot is made in Fig. 3.6 of the dry tensile strength against the 
dry uniaxial compression strength of brick. An additional point on 
the graph taken from the tests on clay pipes of very high strength, 
described in Chapter ii, provides a useful confirmation of the trend of 
the curve towards the region of high strength. The relationship 
indicates clearly that the tensile to compression strength ratio is 
not constant but varies with the strength of brick. For low strength 
brinks, the tensile strength is about 1/16 the uniaxial compression 
strength, and this ratio increases to about 1/12 for high strength 
bricks. This evidence is contrary to the results obtained by Sinha 
from tests on one-sixth scale model bricks where the tensile to 
compression strength ratio was found to decrease with increasing 
brick strength, see Table 310 and Fig. 3.8 
it is believed that the tensile to compression strength ratio could 
rise with increased brick strength. This is because a poorly-fired 
low strength brick contains a higher proportion of flaws and fissures, 
leading to a low ratio of tensile to compression strength., the com-
pression strength being less affected in this regard than the tensile 
strength which is sensitive to the presence of flaws and fissures. 
Paul (45)  in his tests on cast-iron also obtained an increased tensile 
to compression strength ratio with increasing strength of cast-iron, 
see 11g. 3.7. 
11g. 3.8 shows the relationship between the B.S. crushing strength 
and the dry tensile strength of brick derived from these tests, as 
well as other test data extracted from published works whose 
references are enumerated in Table 3.10. Except for the results of 
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Fig 3.7 Tension & Compression Strengths 
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TABLE 3.10 - B.S.  CRUSHING STRENGTH & TENSILE STRENGTH 
OF BRICK - PUBLISHED RESULTS. 
Reference 
Tensile 









method size type 
(lbI'/in2 ) (lbf/in2) No. 
Morsy Scissor Full Solid 12500 756 6 1 
('unpublish device size 12000 610 6 2 
ed results, . 13000 302 6 3 
1968) 6500 272 6 
4500 200 .6 5 
6000 201 6 6 
Perf. 9980 945 6 7 
11460 940 6 8 
12300 568 6 9 
12710 745 6 10 
1446o 715 6 ii 
11540 457 6 12 
.8550 261 6 .13 
4870 142 6 14 
7750 478 8 15 
6860 227 8 16 
.15120. 807 8 17 
Morsy 0 Indirect One- Solid )485)4 253 11 18 
splitting third 
scale 
One- Solid 6040 453 10 19 
sixth 
scale 
Thomas & Indirect Full Solid 6100 527 10 20 
O'Leary splitting size Perf. 10093 886 10 21 
(54) 1*in dia Solid 61oo 430 10 22 
cores Perf. 10093 1059 10 23 
Hilsdorf Indirect Full Solid 5300* 450 - 24 
(34) splitting size 
Francis Indirect Full Solid 9530 364 	. 6 25 
(19) splitting size Perf. 11740 310 6 26 
Sitha Direct One-sixth Solid 4227 294 10 x 
briquet scale 6738 408 10 x 
9)43)4' 524 10 x 
.14651., 598 10 x 
* In accordance with German specification DIN 105 
Note: For perforated bricks, both compression and tensile strengths 
are based on net cross-sectional area of brick. 
(45 
not known whether the tensile strength given in these references 
were also for dry strength. In the case of perforated bricks, the 
net cross-sectjonal area of the brick had been used in the calcula-
tion of both the compression and the tensile strengths. The curve 
in Fig. 3.8 is not expected to pass through the origin since the 
BS compression strength is affected by the existence of a pore 
water pressure in the soaked bricks. 
Strain measurements with 3 mm resistance wire polyester gauges 
DM-P13 were recorded on brick specimens of types A, B, C and D 
in the direct briquet test, three specimens for each brick strength 0 
A strain gauge may be seen mounted on a briquet specimen in Fig. 3.2. 
The stress-strain curves are shown in Figs. .3.9 to 3012 • The uJ.ti-
mate strain does not appear to depend upon the tensile strength, 
the values ranging from 150 to 300 micro-units approximately. The 
elastic modulus taken over 80 of the ultimate strength is plotted 
against the tensile strength in Fig. 3.13. Notwithstanding a rather 
-- 	wide scatter of values, the elastic modulus-tensile strength relation- 
ship may be represented by the simple equation 
o0oo46t0 x 106 	 (31) 
where 
Et is the elastic modulus in tension and t. the tensile strength. 
In view , of the low value of the ultimate tensile strain for brick, 
it will be extremely difficult to measure experimentally with suf-
ficient accuracy the lateral strain distribution within a brick 
element in axially-loaded brickwork. Strain measurements at the 
surfaces of bricks in brickwork, made by Hilsdorf(25), using mechnioal 
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Fjg3.13 ELASTIC MODULUS-TENSILE STRENGTH RELATIONSHIP 
(i6 
introduce a "nonuniformity coefficient" to account for the observed 
stress variation in brick, must therefore be received with caution. 
3.4 PORE WATER PRESSURE IN SOAKED BRICKS 
It was observed in the earlier sections that there existed a signifi-
cant strength difference between the dry and the soaked specimen. 
This was attributed to the presence of a pore water pressure in the 
soaked brick. The experimental data for the dry and the soaked 
specimens for the various strength tests are set out in Table 3.11 
for easy reference. 
In the compression tests, the BS crushing and the uniaxial compression, 
the strength values of soaked bricks were lower than those of dry 
bricks. However, the reverse was true for the tensile strength of 
bricks where the soaked strengths were higher then the dry strengths. 
Whether the pore water pressure in a soaked specimen under load is 
positive (i.e. compressed), thus resulting in a reduced strength of 
brick as in the compression tests, or is negative (i.e. in suction) 
leading to an increased strength of brick as in the tensile test, depends 
upon the resulting volume of voids in a brick specimen under load. 
In a compression test where the effect is to reduce the volume of voids 
in the specimen, the pore water pressure in the soaked specimen is 
positive. Conversely, the increase in the volume of voids in a tensile 
test leads to a negative pore water pressure in a soaked specimen. 
Further examination of Table 3.11 shows that in the compression tests, 
the influence of pore water pressure decreases with increasing brick 
strength. The reverse is the case for the tensile test where the 
influence of pore water pressure increases with higher brick strength. 
TABLE 3011 — EFFECT OF PORE WATER PRESSURE ON 
BRICK STRENGTH 
B.S. CRUSHING STRENGTH 
Brick type 
Soaked (lbf/1n2 ) 
Dry (lbf/in2 ) 





K L 	H 
291414 9135 	10620 
141498 10706 	12369 





UNI.AXI.AL COMPRESSION STRENGTH 
Brick type 
Soaked (lbf/in2 ) 
Dry (lbf/in2 ) 
Pore water pressure 
(ci 
'I. 
K L 	H 
29714 71465 	7299 
14576 89514 	9109 





TENSILE STRENGTH (DIRECT BRIQUET) 
Brick type B C D 
Soaked (lbZ/1n2 ) 287 577 877 
Dry (lbf/in2 ) 273 1489 686 
Pore water pressure 
() 
501 '18.0 27.8 
1 lbZ/i2 = 6.8948 x 10 MN/Di  
(1.7 
The reason for this trend of behaviour is not apparent. Perhaps 
further investigation need be carried out in this area before an 
explanation is forthcoming. 
In addition to the water absorption property of brick, the influence 
of pore water pressure on the strength of brick depends on the rate 
of loading of the test specimen, as the rate of loading determines 
the extent of pore water pressure dissipation in the soaked brick. 
Earlier investigators gave little or no consideration to the influence 
of pore water pressure on brick strength, although it had been 
reported that a soaked brick could cause a drop in compression 
strength. Recently, in experiments on the tensile strength of 
brink, Thomas & O'Leary 	observed an increase in tensile strength 
of wet bricks. 
3 .5 BIAXIAL COMPRESSION- TENSION STRENGTH 
In the biaxial compression-tension strength test, in addition to 
being pulled apart horizontally on the Hounsfield tensoineter, the 
briquet specimen was compressed in a vertical direction on a 1 in. 
square (2.54 cm) polished brick surface through a pair of steel 
platens, see Fig. 3.14. The vertical compression was exerted by a 
6-ton (59.78 kN) hand-operated jack reacting against a self-straining 
steel frame. 
In order to minimize the friction between the compression-loading 
Platen and the specimen surface, the steel platens were mirror-
finished and MGA pads were used in all tests. 
An earlier attempt to uco a pair of brick plates in place of the 
steel platens, in the hope of eliminating the differential lateral 
strain between the loading platens and the test specimen, was un-
successful/ 
OF 
Fig 3.14 DEVICE FOR BIAXIAL COMPRESSION-TENSION 
TEST 
(148 
successful as it was difficult to achieve a uniform distribution of 
the compressive load. 
On account of the presence of friction between the loading platen and 
the test specimen, it was preferable to apply the tensile stress 
first, followed by the compression to failure. In most specimens, 
during the application of the compression load, the tensile reading 
changed slightly. However, no attempt was made to adjust the tensile 
load to its original value during the compression loading to 
failure. 
Bricks of three strength levels, viz • BS crushing strengths 4549, 
9338 and 13446 lbf/in2  (31.36, 6438 and 92.72 NN/m2 ) were selected 
for the biaxial compression-tension tests, and all specimens were 
tested in a dry condition. For each brick strength, the specimens 
were tested under varying combinations of compression-tension stresses. 
The test results are set out in Tables 3.12A to 3012C, and plotted 
in Fig. 3.15, and are presented in a dimensionless form in Fig. 3.169 
Each point on. the graph is an average of at least six specimens. 
In nearly all specimens, failure occurred across a plane at the edge 
of the compression loaded area, suggesting that the influence of the 
platen restraint was not altogether eliminated. Under pure compres-
sion, some specimens of the high strength bricks fractured along the 
edge of the compression loaded area at a load slightly below their 
ultimate crushing. For the purpose of determining the compression-
tension failure envelope, it was more appropriate to register these 
loads for uniaxial compression, since failure under compression-
tension combinations occurred also along the edge of the compression 
loaded area. 
Nost of/ 
TABLE 302A - BIAXIAL COMPRESSION-TENSION STRENGTH 
TESTS ON 1/3 SCALE MODEL BRICKS (B.S. CRUSHING 
STRENGTH 4549 lbf/in2 ) 
Compressive Tensile Compressive 	Tensile Compressive Tensile 
Stress Stress Stress Stress Stress Stress 
(lbf/in2 ) (lbf/in2 ) (lbf/in2 ) (1bf/in)' (lbf/in2 ) (lbf/in2 ) 
O 344 167 184 668 219 
O 3514 167 2142 590 2214 
O 303 167 237 169 222 
O 1814 165 185 126 222 
O 210 169 302 802 207 
O 376 1614 198 596 219 
O 253 
O 253 167 2214 1492 219 
O 2145 
O 250 * compression applied 
O 227 first 
ave 	0 
273 
1002 201 919 153 1351 88 
935 201 917 1149 2191 90 
827 201 5143 153 20014 97 
944 197 1157 150 1687 96 
1075 195 971 13 1670 101 
777 197 767 158 1837 91 
926 199 879 153 1790 914 
3100 147 3720 55 5229 0 
21456 50 2756 21 6179 0 
1599 62 141314 18 14131 0 
17014 63 21480 17 3006 0 
1363 63 3111 15 3810 0 
1670 61 38146 18 14960 0 
23214 66 14259 0 




1lbt/in2 = 6.89148 x 1 O]N/m2 
TABLE 3.12B 	- BIAXIAL COMPRESSION-TENSION STRENGTH 
TESTS ON 113 SCALE MODEL BRICKS (B.S. 
CRUSHING STRENGTH 9336 lbf/1n2 ) 
Compressive Tensile Compressive Tensile Compressive Tensile 
Stress Stress Stress Stress Stress Stress 
(lbf/in2 ) (lbf/iri2 ) (lbr/in2 ) (1bf/in2 ) (1bf/in2 ) (lbf/in2 ) 
O 515 1064 1420 1606 265 
O 1459 1409 1420 1135 285 
O 1410 14114 1418 1702 265 
0 515 752 1423 1555 285 
O 14143 334 428 1670 270 
O 1474 334 1428 2292 . 	 270 
O 443 - ____ ____ - 
O 639 551 1423 1660 273 
O 1412 - - 
O 582 . 
ave 	0 1489 
2918 208 3018 153 3356 	. 98 
27142 205 2392 1149 3766 92 
2863 186 2716 1145 . 	 2386 91 
3183 173 	. 3029 1140 3029 98 
2027 220 31405 129 2865 	. 91 
2513 205 32314 135 .3183 97 
2839 98 
2708 	. 200 2966 1142 .3173 101 
3075 96 
3507 52 14509 15 5837 0 
531414 36 5787 .15 61485 0 
146314 141 5398 12 6161 0 
5126 1414 5678 114 62142 0 
3720 146 149914 	. 16 6263 0 
33140 51 5837 13 5620 0 
14279 145 	. 5367 . 	 114 6101 
TABLE 3.1 2C - BIAXIAL COMPRESSION-TENSION STRENGTH 
TESTS ON 113 SCALE MODEL BRICKS (B.S. 
CRUSHING STRENGTH 13448 lbI/in2 ) 
Compressive Tensile 
Stress Stress 











ave 	0 686 
Compressive' Tensile 
Stress Stress 









Stress Stress'  








3173 266 3799 191 6597 88 
3340 266 3968 165 14634 86 
3591 255 14601 159 6161 76 
3431 253 14639 147 5094 83 
2881 271 14340 191 14499 83 
3438 260 14892 179 6179 86 
3309 262 	H 14373 172 5527 84 
5511 31 8267 0 
8186 31 6263 0 
14864 35 7682 . 	 0 
7682 34 9102 0 
7181 37 6764 0 
14676 35. 714141 0 
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(1i9 
Most of the failure planes under biaxial compression-tension were 
single cleavage, fractures except for specimens tested vex near 
the urLiaxial compression where sometimes the fracture planes were 
multi-cleavage. 
The theoretical curves of Coulomb and Griffith are shown in Fig. 
3.16 The failure envelopes for brick obtained experimentally 
are concave, and indicate a more significant effect of the inter- 
action of compression-tension than those presented by the theoretical 
curves • The biaxial compression-tension failure envelope may be 
represented by the equation: 
C 	 t 
 0.5456 
= 1 - 
'C 
0 	 0 
where 
c = compressive stress in brick 
uniaxial compression strength of brick 
t 	tensile stress in brick 
to = tensile strength of brick. 
36 SUMMARY 
A significant strength difference exists between bricks tested 
soaked and those tested dry, and this is attributed to the 
presence of a pore water pressure in the soaked brick under 
load. 
In the compression tests, the soaked strength of brick is less 
than its dry strength, but the reverse is the case for specimens. 
tested in tension where the soaked strength is greater than the 
dry strength. A compressed.specixnen creates a positive pore 
water pressure which leads to a reduction in compression strength, 
while a negative pore water pressure exists in a specimen under 
tensile load, causing an increase in tensile strength. 
(5o 
3 • The compression strength of brick tested on end using MGA pads 
as a capping material may be taken to represent the uniaxial 
conmpresàion strength of the brick. 
I. The effect of the 1/8 in (318 mm) plywood as a capping material 
for the one-third scale model bricks in the BS crushing test is 
to increase significantly its crushing strength for the high 
strength brick, although the effect is not apparent for the low 
strength brick. 
Results from the indirect Brazilian splitting tests where the 
knife-edge loads were applied along the length of the brick 
specimen, compare favourably with those obtained from the direct 
briquet test. 
The relationship between the dry tensile strength and the dry 
unia.xial compression strength indicates that the tensile to 
• compression strength ratio is not constant but varies from 
1/16 for low strength bricks to 1/12 for high strength bricks. 
The ultimate tensile strain is apparently unrelated to the 
tensile strength of brick. The ultimate strain ranges from 
150 to 300 micro-units. 
8 • The elastic modulus (Et)  of brick in tension is approximately 
given by the expression: 
0.0046tx1O6 
where 
to is the tensile strength. 
9. The failure envelope for brick in biaxial compression-tension 
is concave. This means that te interaction between compres-
sion and tension stresses is more significant than those 
given by the Coulomb's or Qriffith's curves. 
The failure envelope is defined by the equatit: 
0.51456 
where 
c = compressive stress in brick 
C0 = unIaXIal compression strength of brick 
tensile stress in brick 
to a  tensile strength of brick. 
(Si 
(2 
CHAPTER 14 - BIAXIAL CO?IPRESSION-TENSION STRENGTH 
TESTS ON CLAY PIPES 
14.1 INTRODUCTION 
In Chapter 3, an attet to define the failure envelope for brick 
under biaxial compression-tension was carried out using the method 
of direct tension and compression on one-third scale model bricks. 
The failure envelope obtained was significantly different from those 
predicted by the various theories. In consequence, it was considered 
necessary to determine the compression-tension strength relationship 
by an alternative method of testing. 
This chapter describes compression-tension strength tests on clay 
pipes which were subjected to an internal pressure, thereby creating 
a circumferential (or hoop) tension in the wall of the pipe, and in 
addition, an axial compression was applied to the pipe in the direc-
tion of its length. 
There are two main advantages in this method of testing over the method 
using direct tension and compression. The first is that the influence 
of the load platen on the stress field in the test specimen is of no 
importance provided a pipe of, sufficient length to diameter ratio is 
selected. The other is that, in this arrangement, it is possible to 
mount resistance gauges on the clay pipe for strain measurement. 
However, this method suffers the disadvantage that the stress field 
created in the pipe is, in fact, three dimensional, with a radial 
compression of the value of the internal pressure acting on the in-
side face of the pipe wall reducing to zero on the external face. 
Secondly, because the clay pipes used were not thin-walled, the 
circumferential/ 
(53 
circumferential tension in the pipe was not uniform but varied 
along its thickness. However, it may be seen later in Section 14.3 
that this radial compression is small in value and its influence 
on the biaxial compression-tension strength of the clay pipes is 
not significant. 
14.2 IVIATERIAL AND TEST APPARATUS 
An attempt to obtain purpose-made pipes of brick material for these 
tests was unsuccessful, and consequently, commercially available 
unglazed clay pipes were used. These pipes were manufactured in 
accordance with BS 65 & 	and were of very highvatrength. 
The nominal dimensions of the pipes were 6 ins internal diameter x 
12 ins length x 2 ins wall thickness (15.214 cm x 30.148 cm x 1.90 cm). 
The actual dimensions are 5.87 ins internal diameter x 11 1 ins length x 
0.70 ins wall thickness. 
Preliminary tests indicated that a fair proportion of the pipes 
delivered were faulty. The "hammer test" was applied to sort out 
the pipes. Only those which registered a clear ring sound when 
struck with a hammer were selected for the tests, and these were 
assumed to be in good condition. On some of the rejected pipes, 
hairline cracks could be seen running usually along the length of 
the pipes. 
The selected pipes, about 60 in number, were sent to a masonry works 
to have the uneven ends trimmed off in order to attain plane ends 
with a satisfactory degree of parallelism. 
The internal pressure in the pipe was exerted hydraulically by means 
of a rubber bag, as shown in Fig. 14.1. The rubber bag was designed 
with two inward-turned teats which fitted on to two brass nipples 
attached to! 
axial compression 
6 in diameter 
FF 
nos 1/8 in plywood, 
.9 in square 
rubber bag 
clay pipe 
12 in 	 water 
2 nos brass 
/ nipples 
14- in 
10 in square 
socket screw 	 A 
(air release outlet)  
1/8 in plywood, 
9 in sq with 






Fig 4.1 	Apparatus for Clay Pipe Test 
Sb 
attached to a steel base plate. This type of connection where the 
brass nipples intruded into the rubber bag allowed the internal 
water pressure to act upon the nipples, and thus successfully 
prevented any leakage of fluid at this point. 
One of the two outlets was connected to a pressure apparatus, seen 
on the left in Fig. 42. Details of this pressure apparatus are 
given in Section 5.3 in the next chapter. The other outlet was 
used initially to do-air the rubber bag and subsequently sealed off. 
A completely do-aired rubber bag, not only ensures greater sensi- 
tivity of pressure readings to volume changes, but also minimises the 
chances of bursting the rubber bag when failure occurs in the pipe 
since a slight increase in volume causes a rapid drop in pressure. 
In order to ensure a more uniforn axial compression, 1/8 in (3018 mm) 
thick plywood pieces were inserted at the top and bottom ends of the 
clay pipe under test. The bottom plywood had a 6 ins diameter hole to 
accommodate the rubber bag. Axial loading was carried out in a 
250-ton (2491 kN) Denison compression machine equipped with a spherical 
seating at the top loading platen, see Fig. 42 
On five of these pipes, resistance wire polyester gauges, 500 ohms, 
were mounted in both axial and lateral directions, on opposite 
external faces of each pipe. These were tested under different 
combinations of compression-tension stresses. 
.3 STRESS DISTRIBUTION IN PIPE UNDER INTERNAL PRESSURE 
In an elastic analysis, the stress distribution in the wall of a 
thick cylinder pipe subjected to an internal pressure is given by 
Tixnoshenko & Goodier 56 as:- 
Tr2 
a 2 
 p a I 




Fig 4.2 APPARATUS FOR BIAXIAL COMPRESSION-TENSION 
TEST ON CLAY PIPES 
2 	r 	b2 1 cr 	
2 
	
b-a L rJ 
= k9 p 
(55 
where 
= radial stress in pipe 
circumferential stress in pipe 
p = internal pressure 
a = internal radius of pipe 
b = external radius of pipe 
r = radius at any point in pipe 
For the dimensions of the pipe used in those tests, the stress distri-
bution in the pipe is illustrated in Fig. 4.3° The maxinrum circumferential 
tension occurs at the inner face of the pipe and is 4716 times the in-
ternal pressure. This circumferential tension reduces to 3.746 times 
the internal pressure at the outer face. Stress-strain curves show 
the pipes to be very brittle, and therefore it may be assumed that 
failure is initiated at the inner face of the pipe when the circum-
ferential tension reaches its tensile strength. 
In addition to the presence of a circumferential tension in the pipe, 
there exists a radial compression which varies from a maximum value 
equal to the internal pressure at the inner face of the pipe to zero 
value at the outer face. Therefore, in this test arrangement, the 
stresses generated in the pipe is not strictly biaxial compression-
tension, but have an additional radial compression. However, for 
the given geometry of the pipe cross-section, the magnitude of the 
radial compressive stress is small in relation to the circumferential 
tension, and ought not to affect seriously the biaxial compression-
tension. failure envelope. 
LI1J 
2 	 2 ap b 
qr 	b 2 - a2 r 
- 	= krP 
a2p( 	b2\ 
(Te
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= kep 
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b = 3.675 in 
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Fig 4.3 	Stress Distribution in Pipe under 
Internal Pressure 
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4.4 BIAXIAL COMPRESSION-TENSION TESTS 
It was found on loading specimens under pure compression that verti-
cal cracking occurred in the pipe at a load considerably below its 
ultimate. The load at first cracking varied between 60 to 85 of the 
ultimate. This suggests either the axial load was not uniforTnly 
distributed in spite of the provision of the plywood packing, or 
perhaps, the strength property of the pipe was not homogenous through- 
out. The possibility of the plywood causing premature tensile splitting 
was unlikely, since the heavy indentation of the pipe into the plywood 
served as a lateral restraint on the pipe, and also because the 
vertical cracks appear wider at the mid-section of the pipe than at 
the ends. 
At any rate, for the purpose of ascertaining the compression-tension 
failure envelope, it is appropriate to use the values of the compres-
sive stress at first cracking, since failure under compression-tension 
combinations is also determined through vertical cracking in the test 
pipe. 
At ultimate load, the clay pipe failed explosively into small frag-
ments. 
In the biaxial test, axial compression was first applied to the specimen, 
followed by the application of internal pressure to failure, except 
for the graph point nearest the pure compression in Fig. 1.6. It 
was undssirable to apply the circumferential tension first because 
subsequent application of the axial loading caused a rapid increase 
in internal pressure which was consequently difficult to maintain at 
a particular level. For the graph point nearest the pure compression, 
in order to avoid the possibility of a premature explosive failure in 
axial compression, which could injure the rubber bag, the required 
internal-pressure/ 
(57 
internal pressure was first applied followed by axial compression 
to failure • In this way, failure through vertical cracking always 
occurred before complete fracture. 
Under all combinations of compression-tension stresses, failure 
occurred through simple vertical cracking along the pipe length, 
as indicated typically in Fig. 4.1, However, in the case of pure - 
tension, the crack formation might have different configuration such 
as that shown in Fig. 4.5. 
Table 4.1 and Fig. 4.6 show the results of 51 pipes tested under 
various combinations of compression-tension stresses. Each point 
on the graph is an average of at least six specimens. 
The results have also been plotted in a dimensionless form in Fig. 
1.7 which includes, for comparison, the theoretical curves of Coulomb 
and Griffith, and the failure envelope obtained experimentally from 
tests on model bricks. 
Strain measurements, recorded on a Westland data logger, a description 
of which may be found in xantats(31) thesis, were carried out on five 
specimens - one in pure compression, one in pure tension, and the 
remaining three under various combinations of compression-tension 
stresses. The stress-strain curves are presented in Fig. 4.8, and 
the failure stresses given in Table 4.2. In the biaxial tests, axial 
compression was applied first, followed by internal pressure to 
failure, 
From Fig. 4.8, it appears that the ultimate lateral strain in the 
pipe is independent of the combination of compression-tension stresses, 
and ranges between 200 to 300 micro-units • The elastic modulus irA 
tension and in compression is about the same and equals 7.5.x 10. 6  
lbf/in2 (5.17 x 
104  NM/rn2). 
F 
Fig 4.4 TYPICAL CRACK FORMATION IN CLAY PIPE 
UNDER BIAXIAL COMPRESSION-TENSION 
1i 
F 
Fig 4.5 CRACK FORMATION IN CLAY PIPE 
UNDER PURE TENSION 
TABLE 14.1 - BIAXIAL COMPRESSION-TENSION STRENGTH TESTS 
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Fig 4.6 Biaxial Compression —Tension Failure 
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TABLE 4.2 - BIAXIAL CONPRESSIONTSION ON CLAY PIPES 
WITH STRAIN GAUGES 
Compressive Tensile 
Specimen No0 Stress Stress 
(lbf/in2 ) (lbf/in2 ) 
51 0 1921 
S2 2780 1489 
83 5757 1009 
sL 8976 538 
55 first crack 	13171 
ultimate 19297 
(8 
L 	DISCUSSION OF TEST RESULTS 
Although the test results in Table 1,1 reflect a wide variation in 
the strength of the pipes, the general trend of the biaxial compree-
sion-texion failure envelope, seen in Fig. 4.6 2 is unmistakably 
concave. This means that the compression strength of the pipe is 
severely reduced by the presence of a perpendicular tensile stress, 
and vice versa, 
It is evident that the experimental failure envelopes for brick and 
clay pipe, shown in Fig0 47, differ considerably from those predicted 
by the theories. An adequate explanation for this difference cannot 
be expected to emerge from simple tests, such as these, carried out at 
a phenomenological level* Nonetheless, an examination of the assumptions  
made in Griffith's theory and a comparison with the observed physical 
and strength properties of brick material may suggest some differences 
which can be reflected in the failure envelopes. 
In his analysis, Griffith assumed the existence of very minute elliptic-
shaped cracks of atomic magnitude. The flaws which are present in 
brick material are probably larger. Griffith's criterion is established 
from the behaviour of an isolated crack remote from the influence of. 
adjacent cracks, an assumption probably not valid in a real ceramic 
material with numerous flaws. 
The ratio of the compression to tensile strength of Griffith's material 
is 8, while statistics on brick strength show a figure of 12, increasing 
to 16 for weak bricks • The reduced tensile strength in a brittle 
material with a high compression to tensile strength ratio must indicate 
a more critical system of flaws present in the material, and therefore, 
it is reasonable to believe that in a biaxial state of compression-
tension, the interaction of the stresses in such a material could be 
more severe* 
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It is recalled that Vile 
(60) 
 in his biaxial compression-tension tests 
on concrete and mortar obtained differing shapes of the failure envelopes 
depending upon the volume fraction of coarse aggregates in the concrete 
mixes (see Fig. 2.11). A concavity in the failure envelope exists for 
mortar with no coarse aggregates. The change in profile of the biaxial 
failure envelopes with varying percentage of coarse aggregates may be 
explained by reference to the role of stone aggregates in the concrete 
matrix. It has been established in the study of inicrocracking of 
concrete that the stones in the mix function as crack-arresters during 
the phase of major inicrocracking in the concrete under load, past the point 
of discontinuity. In the light of this concept, it is not surprising 
to expect an increased biaxial strength of concrete with increasing 
percentage of coarse aggregates in the mix. This corresponds to a 
higher convexity in the profile of the biaxial failure envelope. 
It is also recalled that Isenberg's 	biaxial compression-tension 
curve for concrete for stresses at discontinuity is concave (see Fig. 
2.12). It is known that at stresses below the point of discontinuity, 
major micro-cracking does not take place, in the concrete and so the 
contribution of the coarse aggregates as. crack-arresters is absent. 
Thus, Isenberg's biaxial curve for concrete for stresses at discon-
tinuity is not incompatible with Vile 'a results for mortar. 
Therefore, evidence seen in Vile 'a and Isenberg' a test data lends sup-
port to the probability that the profile of the biaxial compression-
tension failure envelope for a more homogenous mortar- and brick-like 
material may be concave. 
14.6 SUMMARY 
1, The failure envelope under biaxial compression-tension determined 
for the clay pipe is concave in shape, indicating a severe inter-
action between compression-tension stresses, 
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20 This failure envelope is remarkably similar to that obtained from 
tests on model scale bricks, but differs radically from the 
theoretical curves of Coulomb and Griffith. 
3. The physical and strength properties of brick material do not con-
form totally with the assumptions made in Griffith 'a flaw theory, 
and perhaps these differences contribute to the variation in the 
biaxial compression-tension failure envelopes between theory and 
experiment, 
ii,. Evidence observed from test data on biaxial compression-tension 
strength of concrete and mortar supports the probability that the 
failure envelope under these stresses for mortar- and brick-like 
materials is concave in shape. 
5. The ultimate lateral strain in the pipe Is unrelated to the cam-. 
bination of compression-tension stresses applied, and ranges 
between 200 to 300 micro-units. 
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CHAPTER. 5 - TRIAXIAL CONPRESSION OF BRICK'IORK MORTAR 
,1 INTRODUCTION 
The state of stress existing in a horizontal mortar joint of a brick-
work panel in compression is one of triaxial compression, comprising 
a vertical compression and a pair of equal lateral compression. The 
bilateral compression is on account of the differential lateral strain 
between the mortar joint and the brick element, the mortar joint 
tending. to expand laterally more than the brick which in turn exerts 
a compressive restraint on the mortar. 
For the development of the proposed failure criterion for brickwork 
in compression, it is necessary to determine the behaviour of brick- 
work mortar in a state of triaxiál compression in which the second and 
third principal stresses are equal. 
This chapter describes the experimental work carried out 'on the tn-
axial compression of brickwork mortar, using a standard high pressure 
triaxial apparatus. 
52 MATERIALS AND SPECI11IN PREPARATION 
Standard mortar mixes 1:-1:3 and 1:1:6 of consistency 10-11 nun deter-
mined by the dropping ball method in accordance with BS 4551 
selected for the triaxial tests. These mortar consistencies corresponded 
to water-cement ratios of 0.64 and 1.29 for 1 ::3 and 1:1 -.6 mixes 
respectively. The cement used was rapid-hardening Ferrocrete and the 
Line sand was Leighton-Buzzard No • 19 of grading 25/520 The choice 
of Leighton-Buzzard sand would result in a higher mortar strength 
than if ordinary building sand was used. However, the variation in 
strength of mortars made with the standard laboratory sand would be 
smaller, and for this reason it was decided to use the Leighton-
Bwzard sand in mortars for these tests0 
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Specimens, 1 in diameter x lj in length (38 x 10.2 cm), were cast 
in steel moulds shown in Fig, 5.1, six specimens per casting. The 
mortar was hand-tamped in three layers with a-1 in diameter (12. 7 mm) 
rod0 For each mortar mix a total of eighteen specimens in six sets 
of three specimens per set were put aside for the triaxia]. tests. 
Each set of specimens was tested at a particular cell pressure. 
Specimens, demoulded 24 hours after casting, were immersed in water 
at 20 degrees Centigrade for the next 13 days and afterwards dried 
in an oven at 110 degrees Centigrade for one day. During the period 
of curing in water, the top end of the specimen was trimmed flat and 
parallel to its bottom end with the aid of a rock-cutting machine. 
For axial and lateral strain measurements, two 120-ohm resistance 
wire polyester gauges TML-PC 10, each consisting of a pair of per-
pendicular 10 ximi gauges, were mounted diametrically on every mortar 
specimen0 The limiting strain for these gauges is 2% in compression 
and 1.5% in tension. 
In mounting the strain gauges, the affected area on the specimen was 
first sandpapered lightly to remove any loose particles, and then 
thoroughly cleaned with acetone. A thin coat of precoating adhesive, 
recommended by the suppliers of the strain gauges, was then applied. 
After setting, the precoating adhesive was sandpapered to a smooth 
finish and cleaned with acetone. It was then ready to receive the 
strain gauge. In fixing the strain gauges over the curved surface 
of the specimen, it was necessary to hold down the gauges with insula-
tion tape until the cement had set. 
5.3 TRIAXIAL EQUIPMENT 
The triaxial cell used was of standard manufacture, see Fig. 5.2, but 
with the chamber height specially extended to accommodate a 1 in 






Fig 5.1 STEEL MOULDS FOR MORTAR SPECIMENS 
1+ ma DIAMETER x 4 ma LENGTH 
Fig 5.2 TRIAXIAL CELL 
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the standard 3 in length specimen. A longer specimen was decided 
upon in order to eliminate any influence of the end loading plates 
upon the stress field in the central portion of the specimen where 
resistance gauges were mounted. 
The essential features of the high pressure traixial cell were 
similar to those of an ordinary triaxial cell for soil tests. In 
this particular model, there were no windows to the pressure cell,. 
and the test specimen could not be inspected once it was enclosed. 
The specimen was mounted on the central pedestal, then capped with a 
steel platen specially designed with a cone seating to receive the 
loading ran through which the axial load was applied. 
A new inlet, drilled through the base of the triaxial cell, allowed 
a nine-strand wire cable about 5 xrnn diameter to be threaded through 
into the chamber. A total of eight strands was required to feed the 
two resistance gauges mounted on each test specimen. A gland fitted 
with a rubber 0-ring prevented any leakage of cell fluid. Th e gap 
between the core cable and the nine wires was sealed with a PVC 
solvent cement, and it was also necessary to seal off the opening in 
each of the individual wires. 
The triaxial cell was rated to withstand a cell pressure of up to 
1500 lbf/in2 (1 0-34 MN/rn2 ), the cell pressure being exerted hydrauli-
cally by a pressure apparatus shown an the left in Fig. 5060 The 
pressure apparatus had two functions: the first was to apply a high 
pressure to the cell, and the second was to maintain the cell pressure 
constant during the test. A diagrammatic layout of the constant 
pressure apparatus is given in Kg. 5.30 
The maintenance of a particular cell pressure was made possible with 
the provision in the pressure system of a balancing load cylinder to 


































Fig 5.3 Constant Pressure Apparatus 
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the lowering of the balancing cylinder ram which in turn activated 
a pump motor through a microswitch 0 The pumping action raised the 
cell pressure to the designated value which when exceeded lifted the 
balancing cylinder rain and operated the ]nicroswitch that cut off the 
pump motor, 
In a test there were four effects that could alter the pressure in 
the system: 
change in the volume of the test specimen, 
entry of the loading rain into the cell, 
expansion of the system with the pressure, 
unavoidable leakage as around the loading rain. 
Usually, the combined effect of these was to reduce the pressure in 
the triaxial cell. 
5o4 PRELfl'IINARY TESTS 
Cube Strength and Water Absorption 
The comparative strengths for the 1 :24L:3 and the 10:6  mortar mixes 
between 2.78 in (7 cm) cubes and 1 in diameter (3.8 cm) cylinders 
are shown in Table 5.1. The cubes were cast in accordance with the 
Bs 4551 (11 
The cube strength was much greater than the corresponding cylinder 
strength, and was in fact about 1.4 times higher for both mixes. 
This difference in strength is mainly due to the fact that the 
cubes were vibrated while the cylinders were hand-tamped. The 
vibration of wet mixes, such as a brickwork mortar, produces a 
compacted specimen of much reduced water-cement ratio, as was borne 
out by a visual comparison between a cube and a cylinder during 
casting. Also, the strength difference between the cube and the 
cylinder is due to the greater restraining influence of the loading 
platens an a cube than on a cylinder of height-diameter ratio of 
266. 
TABLE 5.1 - MORTAR CUBE & CYLINDER STRENGTHS 
2.78 in 1 	in 1-1 in 1 	in 
cube cylinder cylinder cylinder 
Mortar soaked soaked soaked air-cured 
11-day 14-day 28-day 1I-day 
stress stress stress stress 
(lbf/1n2 ) (lbf/in2 ) (lbf/1n2 ) (lbf/in2 ) 
4957 3331, 3664 1553 
4957 3372 3613 1559 
4919 314.73 314.35 1648 
14.928 3283 3524 1540 
4957 33147 314.86 1597 
4977 33147 3309 1597 
mean = 14.949 3359 3505 1582 
986 767 659 364 
1014.1 	. 743 735 374 
1052 729 754 1450 
1:1:6 1013 672 800 394 
1038 726 723 332 
1.038 710 711 368 
mean 1033 7214 730 380 
1 lbZ/in2 	6.89146 x 1073  I1N/m2 
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Negligible difference exists in the cylinder strengths between the 
14-day and the 28-day specimens. Therefore, the testing of specimens 
spread over a period of days as was necessary in the triaxial series 
ought not to cause any significant variation in strength between 
specimens on account of their age difference. 
Cylinder specimens air-cured for ilL days showed a drastic reduction 
in strength, about half the value of those water-cured. The actual 
strength of mortar joints in brickwork will generally be between 
these values, depending upon the water absorption of the bricks and 
how well the mortar is cured. 
Table 52 lists the percentage water absorption for both mortar mixes 
as well as the moisture content in air-dried samples at ilL days. 
Since the degree of saturation in mortar joints of brickwork after 
ilL days is relatively low, it may be assumed that the presence of 
pore water pressure, if any, in mortar joints of loaded brickwork is 
of no consequence. Accordingly, the triaxial tests were carried out 
on dry specimens. 
504.2 Waterproofing of Test Specimens 
After extensive trials in search of a suitable means of sealing the 
test specimen against the ingress of cell fluid, including the use 
of rubber membrane, silicone and other synthetic rubbers, polyure-
thane, etc., it was found that a specimen painted with one coat of 
Araldite CY 219 (an epoxy resin) and two thin coats of T11 strain-
gauge waterproofing adhesive PS (an unsaturated polyester resin with 
an inorganic filler) was sufficiently waterproof. The use of Araldite 
by itself had not been successful as the mix contained minute air 
bubbles which were not easily expelled. However, an initial coat of 
the low-viscosity epoxy resin was beneficial in that it readily 'filled 
the nuinerdua surface pores of the ; tot necimen • 
TABLE 52 - WATER ABSORPTION OF MORTAR 
Mortar 
absorption 
soaked 214 hra0 
moisture content 











1:1:6 15.0 : 	 26 
114.5 26 
114o8 29 
mean= 1500 28 
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The test criterion for a successful water-proofing was to subject a 
coated specimen to a 1500 lbf/in2 (10.34 11IN/rn2 ) cell pressure for 30 
minutes, which was roughly the duration of a triaxial test,without 
any fluid absorption. Six specimens were pressurized in this manner 
which at the termination of the test registered an increase in weight 
of less than 0.5 gms. A coated specimen (right) and an uncoated 
specimen with strain gauges mounted (left) are shown in Fig. 5O4O 
5o4.3 Electric:aJ. Insulation 
Originally, water was used as the cell fluid. Great care was taken 
to secure the necessary degree of electrical insulation which for 
these resistance gauges required aminimwn of 100 xnegaohms. In 
spite of very meticulous preparation, this degree of insulation was 
unattainable. Consequently, the use of water as the cell fluid was 
abandoned in favour of a non-conducting low-viscosity oil, Teflus 15,: 
a Shell product. The switch to oil as the cell fluid not only 
enabled the required insulation to be attained but also avoided the 
need to achieve watertight connections in the electrical wires. 
5o4o4 Resistance Instability 
Unstable strain readings occurred at first, the cause of which was 
traced to the use of stranded wire within the triaxial cell. The 
cell fluid under immense pressure forced its way among the filaments 
in each wire causing fluctuations in resistance. A change to solid-
core wires within the cell for as long a length as was practicable 
eliminated this problem. 
SoilOS Effect of Cell Pressure on Resistance Gauges 
To investigate the effect of cell pressure on the resistance gauges, 
a 	in diameter x 4 in length (38 x 10.2 cm) mild steel specimen 
on to which a pair of resistance gauges wore mounted. - 	ubjootod to 
various cell/ 
Fig 5.4 MORTAR SPECIMENS - COATED (right) & 
UNCOATED (left) WITH STRAIN GAUGES 
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various cell pressures. The compressive strain in the steel speci-
men under a given cell pressure could be computed if values of its 
elastic modulus and Poisson's ratio were knoi 	The elastic modulus 
and the Poisson's ratio for mild steel had been taken to be 30 x 10 6  
lbf/in2 (20.68 x 104  I.fl/m2 ) and 0.26  respectively 0 Deducting the 
amount of compressive strain in the steel specimen, the change in 
strain in the resistance gauges with varying cell pressure was 
determined, see Fig. 5.5. 
It may be seen that the effect of cell pressure upon the resistance 
gauges is minimal. At a cell pressure of 1500 lbf/1n2 (10.34 NN/m2 ) 
the chco in strain is less than 10 micro-units. It is interesting 
to note, however, that the cell pressure induced a tensile strain 
in the vertical gauges but a compressive strain in the horizontal 
gauges. The strain in the horizontal gauges was compressive because 
these gauges were mounted on a curved surface of the specimen. 
5.5 TRIAXIkL TESTS 
In the triaxial tests, for each mortar mix there were six sets, each 
set comprising three specimens. The six sets of specimens were tested 
at cell pressures of 0, 282, 590, 896, 1206 and 1510 lbf/in 2 (0, 1o94, 
1.07, 6018, 831 and 1041 MN/ia2 ). Except for the set of specimens 
tested at zero cell pressure where waterproofing was not required, 
the other specimens were waterproofed as described earlier. The 
1:4':3 series were designated by letters A, B, C and the 1:1:6 by 
D, E, F, and numbered from 1 to 60 
The triaxial cell was filled with oil with the aid of a hand-puir. 
Axial loading to failure was carried out in an Avery compression 
machine. Strain measurements were recorded on a Westland data logger 
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Fig 5.5 EFFECT OF CELL PRESSURE ON STRAIN GAUGE 
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the Westland data logger and its use may be found in reference 
(31). The complete set-up for the triaxial test is sho wn in Fig. 
5 .6. 
All specimens behaved satisfactorily during the test except for two 
specimens AL and F60 In specimen Au., one of the resistance gauges 
was defective. A leakage in the waterproofing of specimen F6 was 
suspected, for thring the test there was a continuing tendency for the 
cell pressure to drop due to the absorption of fluid into the 
specimen. 
Although the axial load was applied in incremental steps in order 
to allow strain readings to be taken, the rate of loading may be 
approximated at between 200 to 2000 lbf/in2 per minute (1,38 to 1379 
NN/m2/inin)0 
The stress-strain curves for each cell pressure for both mixes are 
illustrated in Figs. 57 to 520. The principal-stress relationship 
is presented in Tables 5.3 and 54 and in Fig. 5.21, and on a dimen-
sionless plot in Fig. 5.22. The corresponding Mohr circles are seen 
in Figs 523 and 524 
Fig. 5.25 records the volumetric contraction of the specimen on 
application of the cell pressure. The influence of lateral pressure 
on the initial elastic modulus and Poisson's ratio of mortar is given 
in Fig. 5.26 
Figs. 527 and 528 show the crack formations in failed specimens tested 
at various cell pressuees0 These same specimens were later dismantled 
into parts to reveal more clearly the internal fractures which are seen 
in Figs. 5.29 and 5.30 In general, the shearing surface was inclined 
at 60 to 70 degrees to the. horizontal, corresponding to an angle of 
shearing resistance of 30 'to 50 degrees. Whereas the failure surface 
for the unconfined specimen was a reasonably clean fracture, considerable 
crs]thig occuci/ 
























Fig 5.7 STRESS—STRAIN CURVES FOR 1:1/4:3 























Fig 5.8 STRESS—STRAIN CURVES FOR 11143 


























Fig S.9 STRESS—STRAIN CURVES FOR 1:1/4:3 
MORTAR. LATERAL PRESSURE = 590 p.s.i. 
Fig 5.10 STRESS - STRAIN CURVES FOR 1:1/4; 3 












































Fig 5.11 STRESS — STRAIN CURVES FOR 11/43 





























Fig5i2 STRESS—STRAIN CURVES FOR 1:1/4:3 






















Fig 5.13 STRESS - STRAIN CURVES FOR l 1/4:3 
MORTAR 
Fig 5.14 STRESS — STRAIN CURVES FOR 1: 1: 6 




























Fig5.15 STRESS—STRAIN CURVES FOR 1:1:6 
MORTAR. LATERAL PRESSURE = 282 p.s.1. 
4-. 
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Fig 5.16 STRESS - STRAIN CURVES FOR  

































Fig 5.17 STRESS - STRAIN. CURVES FOR 1:1:6 
MORTAR. LATERAL PRESSURE = 896 p.s.i. 

























MORTAR. LATERAL PRESSURE = 1206 p.s.i. 
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MORTAR. 	LATERAL PRESSURE = 1510 p.s.I. 






















TABLE 5.3 - PRINCIPAL STRESS RELATIONSHIP 
FOR 1 :*:3 MORTAR 
cell pressure axial stress 
O3 !. 
1bi/in2. 0'o lbf/in2 
 0*0 








590 .205 51411 10897 
5044 
5891. 
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TABLE 5.4 	PRINCIPAL STRESS RELATIONSHIP 
FOR 1 :1:6 MORTAR 
cell pressure 	 axial stress 
U3 03 
lbf/in2 lbf/in 2  
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Fig 5.2,2 PRINCIPAL STRESS RELATIONSHIP 
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Fig 5.25 VOLUMETRIC STRESS — STRAIN 
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Fig 5.26 EFFECT OF LATERAL PRESSURE ON 
ELASTIC MODULUS & POISSON'S RATIO 
OF MORTAR 
Fig 5.27 CRACK FORMATION IN 1:*:3 MORTAR SPECIMENS 
Fig 5.28 CRACK FORMATION IN 1:1:6 MORTAR SPECIMENS 
Fig 5.29 	INTERNAL FRACTURE IN 1:+:3  MORTAR SPECIMENS 
Fig 5.30 	INTERNAL FRACTURE IN 1:1:6 MORTAR SPECIMENS 
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crushing occurred in the vicinity of the failure surface for highly 
confined specimens. 
56 DISCUSSION OF RESULTS 
The effect of a confining pressure on a brickwork mortar specimen in 
triaxial compression is to produce a higher ultimate strength and an 
increased ultimate strain. 
The increase in ultimate strength of brickwork mortar with increasing 
lateral pressure agrees well with the test data of smith & row 
(12) and Campbell-Allen 	on cement mortar, as seen in Fig. 220 However, 
the increase is less than that obtained for concrete 0 The results of 
Balmer (2),  Akroyd, Gardner (20)  and Hobb(26) on the triaxial com-
pression of concrete are also indicated in Fig. 522. Details of these 
mortar and concrete mixes may be found in Table 2.2. 
The principal stress relationship for bricIhirork mortar is not linear 
for the range of lateral pressure tested, and with increasing lateral 
pressure, the principal stress curve shown in Fig. 5.22 on a dimension-
less plot flattens slightly. The principal stress relationship may be 
defined by the expression: 
() = 1 + 291 ,O30.805 
	
0000• •0 .0.00(5.1 ) 
where 
0-1 = major principal stress, 
(J3 	minor principal stress, 
ci 	uniaxial compressive strength. 
Of considerable interest is the change in the shape of the stress-
strain curve with increasing lateral pressure. The uniaxial com- 
pression strois-strain curve for the initial part up to its discontinuity 
Point i.e. Lo to 60% of ultimate strength, is reasonably straight 0 
At! 
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At a stress beyond its discontinuity point, major 'nicrocracking - 
the result of bond failures at the aggregate-paste interfaces - takes 
place leading to increased strains corresponding to a flattening of 
the stress-strain curve towards ultimate failure. 
However, as the confining pressure increases, the profile of the stress-
strain curve alters. The curvature occurs in the initial portion of 
the curve which then approaches ultimate at a straight incline. The 
stress-strain curve for 1:1:6 mortar at 1510 lbf/in2 (10.34 /2) 
cell pressure is remarkably linear up to ultimate. It is probable 
that the mechanics of deformation in mortar at high triaxial com-
pression is principally one of inter-particle friction, for the high 
level of deformation of mortar would have largely destroyed the 
aggregate-mortar bond. Support for this view comes from an examination 
of the volumetric stress-strain relationship in Fig. 5.25 for the 1:1:6 
mortar where the bulk modulus decreases at high confining pressure. 
This suggests a re-orientation of the structural matrix within the 
mortar at high confining pressure, involving a breakdown of the 
aggregate-mortar bond, resulting in a much larger volumetric strain 
increase. 
Furthermore ., a visual examination of failed specimens shows that 
whereas the failure surface for the unconfined specimen was one of 
clean fracture, considerable crushing occurred in the region of the 
fracture plane for highly confined specimens. 
As the stress-strain curves for mortar in a state of triaxial com-
pression is non-linear, the values of the elastic modulus and 
Poisson's ratio vary according to the level of the axial stress 
applied.
. 
 Fig. 5.26 shows the extent to which the lateral préssure 
affects the initial Poisson's ratio. In the case of the 1:1:6 mortar 
where the ratio of lateral pressure to its uniaxial 0aiti 
strength iS/ 
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strength is high, the reduction in the values of the elastic modulus 
and the Poisson's ratio is more significant. These characteristics 
are consistent with the large volumetric contraction obtained for the 
1:1:6 mortar with increasing cell pressure. 
5.7 SUNMARY 
1. The 2.78 in (7 cm) cube strength for brickwork mortar cast in 
accordance with the BS 14551 (11) is about 1 .4 times higher than 
its uniaxial (cylinder) compressive strength. 
20 Mortar specimens air-cured for 114 days showed a drastic reduction 
in strength, about half the value of those water-cured. The 
actual strength of mortar joints in brickwork will be between 
these values, depending upon the water absorption of the bricks 
and how well the mortar is cured. 
3. The degree of saturation in mortar joints of brickwork after 114 
days is low, and hence the presence of pore water pressure, if 
any, in mortar joints of loaded brickwork is of no consequence. 
14. In order to attain the desired degree of electrical insulation 
for resistance gauges on test specimens under tria.xial compres-
siön, it is necessary to use a non-conducting fluid, such as a 
thin oil, in the triaxia]. cell. 
50 The effect of cell pressure up to 1500 lbf/in2 (10.314 Min N/ 2 ) on 
the resistance gauges mounted on test specimens in triaxial com-
pression is minimal. 
6 
	
The increase in ultimate strength of brickwork mortar in triaxial 
compression with increasing confining pressure is much the same 
as that obtained for cement mortar but is less than that obtained 






a l = major principal stress 
6'3 	minor principal stress 	 - 
uniaxial compression strength. 
An all-round confining pressure on mortar in excess of its uni-
axial compression strength causes a dislocation of the structural 
matrix of the mortar as revealed by a decrease in bulk modulus 
with increasing lateral pressure* 
The 
 
deformation characteristics of mortar under a state of high 
triaxial compression depend largely on the action of interparticle 
friction, 
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CHAPTER 6 - LATERAL STRESS DISTRIBUTION WITHDIT BRICK AND 
MORTAR ELE!ENTS IN BRICK1ORK PRISM UNDER AXIAL 
COMPRESSION 
6.1 FINITE ELEMENT ANALYSIS 
It yas stated in Section 1.3 that the stress distribution along the 
brick-mortar interface and within the brick and mortar elements in 
a brickwork prism subject to axial compression is presently not clear. 
In this chapter, an attempt will be made to define these stresses by 
theory using the method of finite element analysis for which a' computer 
programme exists in the Department of Civil Engineering, University 
of Edinburgh for the case of plane stress and plane strain problems. 
It is doubtful whether it is feasible to undertake experimental work 
on this problem since it will be very difficult to measure strains 
with sufficient accuracy in the brick and mortar elements. 
60.1.01 The Bhilosophy of the Method 
In the finite element method, the actual structure Is divided into a 
finite number of small elements which are assumed to be connected only 
at the nodal points. The stresses acting along the edges of each of 
the elements are replaced by stress resultants which act at the nodal 
points. Application of the equations of equilibrium to the forces 
acting at the nodal points will lead to a number of simultaneous 
equations which can then be solved by the computer. 
The accuracy of the finite element method depends upon how closely 
the actual structure is represented by the approximate structure 
consisting of these elements, and also upon the size of the elements 
selected. 
6.12 An Outline of the Solution! 
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6.12 An Outline of the Solution 
Ouly a very brief outline of the finite element solution is given here. 
Interested readers are referred to the work of iaiita31)  for details 
concerning this particular programme., and of Zienkiewicz and Cheng 6 
for general information concerning the finite element method of 
analysis. 
This finite element programme uses triangular elements • The strains 
within each of the elements are assumed constant. 
The first step of the solution is to determine the stiffness matrix 
of each element, which is an expression for the nodal forces resulting 
from unit corner displacements. The procedure, in its order of 
solution, is as follows, where the subscript 'e' denotes an element: 
Strain-Displacement Relationship 
[E] e = [B] [6] 
where 
• [.]e = strains in the element 
[B] = matrix which is a function of the co-ordinates of the 
nodal points of the element 
[o] e = displacements of the nodal points 
Stress-Strain Relationship 
[a]e = [ D ] [E.] 




J 	stresses in the element 
[D] = matrix which is a function of the elastic constants 
of the element material 
3° Stress Resultants (Nodal Forces)-Stress Relationship 
[j]e = A[BTJ[Q]o 	 - 	..............(6.3) - 
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whore 
[F] 	nodal forces in the element 
A = area of the element 
[BT] 	transpose of the matrix [B] 
4. Element Stiffness 
[F] e 	[k][6]e 
where 
[k] = stiffness matrix for the element 
From equations (61), (6.2), (63) and (6J4) 
[k] = A[BT][D][B] 
6x6 	6x3 3x3 3x6 
•.. . o. . . .. ... .. (6 .J.i) 
• • •S ••S • S 0(6.5) 
For the case of plane stress. or plane strain problems, the size of 
the various matrices are indicated in equation (6.5). 
After the stiffness matrix for each of the elements is developed, the 
stiffness of the coilete structure can be found by a systematic 
addition of stiffnesses of all the elements in the system. Therefore, 
for the complete structure, 
[F]= [K] [] 
where 
[F] = forces at all nodal points 
[K] = stiffness matrix for the complete structure 
[6] 	displacements for all nodal points 
61.3 The Technique of Recycling 
In any given finite element computer programme, there is a limit to 
the number of elements it can handle. (In this programme, the number 
of elements is restricted to 4$0.) In problems involving stress con-
centrations, the usual solution is to ax'z'enge an element meh for the 
structure within/ 
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structure within the permissible limit so that the element size 
approaching areas of high stress gradient is finer, but the resulting 
number of different sized elements will often entail considerable 
work in the data preparation. A better method is to employ the 
technique of recycling. 
In this technique, the complete structure is first analysed containing 
as many elements as the programme allows • Then, a portion of the 
structure, for which a greater accuracy of results is required, is 
severed from the structure at a convenient location, and by assigning 
the appropriate displacemen values along the severed boundary ob-
tained from the previous analysis, the sub-structure is divided into 
further elements and reanalysed. This process can go on indefinitely 
until the desired accuracy is achieved. 
It is evident that by skilful design in the layout of the element mesh 
so that it may be easily duplicated for subsequent analysis, the amount 
of effort spent on data preparation in a recycle is marginal. Moreover, 
the number of times of recycling is virtually unlimited, and it is on 
this score that the technique of recycling is indeed a powerful tool 
in finite element analysis. 
6.2 ANALYSIS OF LATERAL STRESS DISTRIBUTION IN BRICKWORK PRISM 
The method of finite element analysis will now be applied to deterinlime 
the lateral stress distribution within the brick and mortar elements 
in a brickwork prism subject to axial compression. The analysis will 
be carried out for both the frontface and the endface sections of the 
brickwork prism for the condition of plane stress. 
Fig. 601(a) and (b) show the front and the end faces of a brickwork 























Fig 6.1 (b) Brickwork Prism; End Face 
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x 2"8 in (21.9 cm x 10.5 cm  6.7 cm) and a in (0.95 cm) thick 
mortar joint have been assumed. The ratio of brick to mortar thick-
ness is thus seven. 
In consideration of the compatibility in deformation, all horizontal 
planes such as planes PP and QQ which pass through the mid-depths of 
the mortar joint and the brick element respectively (except perhaps 
for the top and bottom bricks in contact with the rigid loading platens) 
remain plane and horizontal under the applied load. 
On account of the symmetry of the problem, it is necessary to analyse 
only a section of the brickwork, OABC, shaded in Fig. 6.1(a) and (b) 
which forms a quarter each of the mortar joint and the brick. The 
displacement in the X-direction for all points in the structure along 
the 0! axis, and the displacement in the Y-direction for all points 
in the structure along the OX axis are always zero. 
The division into finite elements, 384 elements for the front face 
and 256 elements for the end face, are also indicated in Fig. 6.1(a)  
and (b). 
In the analysis, an arbitrary but small uniform vertical compressive 
displacement is given to the plane CB in the brickwork structure 0.ABC O 
This is equivalent to applying a vertical compression on the structure 
with the additional provision that the plane GB remains plane and 
horizontal under load, 
Arbitrary values for the elastic properties of brick and mortar have 
been assumed, since the purpose of the analysis is not concerned with 
determining absolute values of stresses. For the record, the values 
of the elastic properties used in the analysis are: 
elastic modulus of brick 	1.0 x 1 06  lbf/in2 	 I'2 (6.89S x 1O 	/m2 ) 
Poisson' s ratio of brick 	= 0.1 
elastic/ 
(78 
elastic modulus of mortar 	= 0,1 x 106  lbf/1n2 
Poisson's ratio of mortar 	= 0.1 
A stress concentration is found to exist at the brick-mortar interface 
near the edge A.B. Therefore, in order to attain a satisfactory degree 
of accuracy of results in that region, the technique of recycling has 
been applied to the top right quarter of the structure, designated by 
the section OTAIBCt in Fig. 601(a) and (b), using the same mesh layout 
as for section OABC. 
The results of the analysis for both faces of the brickwork prism are 
illustrated in Figs. 6.2 and 6.3, in which the magnitude of the 
lateral stresses are given in terms of the ratios of the actual stress 
to the average stress which would exist if the lateral stresses are 
uniformly distributed throughout the depth of brick. The vertical 
compressive stresses are not shown. 
The significant points to note from the analysis are: 
The stress distribution along the brick-mortar interface is not 
uniform as is commonly believed, but is sharply concentrated at 
the edges of the interface, producing large lateral tensile stresses 
in the brick near the edges. 
The lateral tensile stresses in the brick on the end-face section, 
where the width/depth ratio is smaller, are higher in value in 
this region and more concentrated than those on the front-face 
section of the brick. 
0gunlesiU in a somewhat analogous experiment in photoelasticity 
obtained similar results. In his experiment, which is an attempt to 
simulate thermal stress transfer in plates, two rectangular Araldite 
strips were stuck to a third piece which was held in tension, one on 
each of its sides, see Fig. 604(a). After the bond had set, the 
tension in the middle! 
c'iI 
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Fig 6.2 Stress Distribution in Brickwork 
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Fig 6.4 Photoelastic Analysis of Stress Transfer 
in Plates 	(by Ogunlesi) 
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tension in the middle piece was released. The resulting stress dis-
tributions in the specimens in terms of stress fringes may be seen 
in Fig. 6.4(b). Stress concentration occurs at the edges of the 
interfaces. 
6.3 SIGNIFICANCE OF THE THEORETICAL RESULTS 
The theoretical results suggest that the initial tensile crack in a 
brickwork prism loaded axially to failure is likely to be along a 
plane at the edge of the end face in the direction of the brick 
length. This is found to be true in compression tests on numerous 
brickwork prisms without exception. Exarles of failure in brickwork 
prisms are shown in Fig. 6.5. This mode of failure, which is indeed 
a tensile failure, has often been described as spa]Thing failure in 
brickwork. 
However, in practice there will probably be considerable stress re-
distribution approaching failure since these materials, especially 
mortar, are inelastic near ultimate stress. It is not possible to 
determine the actual stress distribution at failure. However, it was 
observed in the crushing tests on brickwork prisms that the stress at 
which spalhing occurred in the majority of cases was very, close to 
the ultimate strength of the prism, suggesting a more or less uniform 
stress condition at failure. 
Tensile cracking which is usually observed in planes passing through 
the vertical mortar joints in an axially loaded brick wall has led 
to the erroneous belief that the stresses causing failure occur along 
the mid-length section of the brick. The tensile cracking of the 
brick at its mid-length is solely due to the existence of stress 
concentration in the brick in that region created by the presence' 
of the mortar perpends0 These cracks occur at a stress considerably 
below the ultimate strength of brickwork. 
6) 	cT! 
Fig 6.5 FAILURE RODE IN BRICKWORK PRISMS 
UNDER AXIAL COMPRESSION 
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6. L SU1RY 
1 • 1nite element analysis for plane stress condition is applied to 
determine the lateral stress distribution within the brick and 
the mortar elements in a brickwork prism subject to axial com-
pression, on both the front-face and end-face sections. 
2 • The technique of recycling is employed to achieve a higher degree 
of accuracy of results in regions where stress concentration 
exists. 
3. The theoretical analysis reveals the existence of a stress con-
centration at the edge of the brick-mortar interface, causing high 
stress gradients in brick and mortar in that region. 
The end-face section of the axially loaded brickwork prism, where 
the width/depth ratio of brick is lower, contains higher values 
of lateral stresses in the region of the stress concentration than 
the front-face section, and consequently theory suggests that the 
initial tensile cracking in the brickwork prism will occur along 
a plane at the edge of the end face in the direction of the brick 
length. 
Experimental observation of the location of the initial tensile 
cracking in numerous crushing tests on brickwork prisms confirms 
the theoretical prediction. 
In practice, a considerable stress redistribution will take place 
prior to failure on account of the inelastic behaviour of brick 
and mortar, 
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CHAPTER 7 - A FAILURE CRITERION FOR BRICFMORK 
IN AXIAL CONPRESSION 
7,1 INTRODUCTION 
The existing failure theories describing the compressive strength of 
brickwork, which have been derived largely or wholly on the assumption 
of an elastic behaviour in brick and mortar, have not been able to 
account for the compressive strength of brickwork in quantitative 
terms. These failure theories are useful only in so far as they 
offer a qualitative concept of the mechanics of failure in axially-
loaded brickwork. 
As an alternative to the elastic theory, a "strength" approach towards 
the development of a failure criterion for brickwork in compression 
is presented in this chapter. In this analysis, the brickwork corn-
pressive strength is determined by the interaction of the strength 
properties of brick and mortar in their particular state of complex 
stresses that exist in axially-loaded brickwork. 
The investigation has been confined to a study of the behaviour of 
axially-loaded stack-bonded brickwork prisms, as illustrated in FIg. 
1.1(a) ., using solid bricks. This eliminates consideration of the 
influence of mortar perpends, perforations and frogs on brickwork 
compressive strength. 
The state of stress in a brick element in an axially-loaded brickwork 
prism is a combination of a vertical compression and bi-lateral tension, 
and the correspcnding state of stress in the horizontal mortar joint 
is one of triaxial compression, as indicated in Fig. 1,1(b) and 1.1(c) 
respectively. The bi-lateral stresses are the result of the different 
strain characteristics of the two materials. The establishment of th 
proposed failure criterion requires information concerning the behaviour 
of brick and mortar under these combined stresses, 
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The combined stresses for brick have been simplified to a biaxial 
state of compression-tension, since it was not possible to devise a 
testing method which could produce a state of compression-tension-
tension stresses. The behaviour of brick material under biaxial corn-
pression-tension.stresses have been investigated in Chapter 3 using 
the method of direct tension and compression on one-third scale model 
bricks. A second series of biaxial compression-tension strength tests 
was also carried out on clay pipes subject to internal pressure and 
axial compression, as described in Chapter ii.. 
A comprehensive study into the behaviour of brickwork mortar of 1 :1 :3 
and 1:1:6 mixes in a state of triaxial compression with strain measure-
ments was reported in Chapter S. 
The lateral stresses in axially-loaded brickwork, which is on account 
of the different strain propertis of brick and mortar, act along the 
interfaces of the brick unit and the mortar joint. The distribution 
of these stresses have been analysed by the finite element method in 
Chapter 6 
All the necessary information required for the formulation of the 
proposed failure criterion for brickwork in compression have been ascer-
tained, and it is now possible to develop the proposed criterion which 
is explained in the following section. Finally, the theory is tested 
against experimental results on the crushing strength of brickwork in 
the concluding part of this chapter. 
7,2 DEVELOPMENT OF PROPOSED FAILURE THEORY 
7.201 Graphical Solution 
The development of stresses in a brick element in a brickwork prism 
subject to axial compression is illustrated in Fig. 1.2 which shows 
an assumed failure envelope for brick in biaxial compression-tension, 
since the! 
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since the lateral tensile stresses in the x- and z-directions, 
(Ix 
and 	are equal. c 0 and to are the compression and tensile strengths 
of brick respectively. Any state of stress to the right of this curve 
denotes failure. 
As the vertical compression acting on the brickwork prism increases, 
the state of stress in the brick element proceeds along the dashed line 
OA in Fig. 1.2.  Failure occurs within the brick element when the line 
OA intersects the failure envelope at A, and hence the compressive 
strength of the brickwork prism is given by the ordinate of the point. 
£ The stress path taken by the line OA depends on the properties of 
the mortar joint under triaxial compression. For a weaker mortar 
whose lateral strain is greater under load, the stress path travels 
along the lower line OBin Fig. 1.2, where B denotes the state of 
stress within the brick element at failure. Similarly, the compressive 
strength of the brickwork prism is given by the ordinate of the point 
B. 
It is not necessary in the establishment of the proposed failure theory 
to determine the stress paths OAaiid OB. The curves A'A and BIB in 
Fig. 1.2 which intersect the failure envelope for brick at points A 
and B. represent the state of traxial compressive stresses in the 
horizontal mortar joint in an axially-loaded brickwork prism at 
failure. The determination of these curves is now discussed. 
The principal stresses appearing in Fig. 5.21 are the axial and 
lateral compressions in terms of mortar stresses in axially-loaded 
brickwork. These are, however, ultimate stresses. It is uncertain 
whether, at the instant of brick failure in a brickwork prism under 
compression, the state of triaxial stresses in the mortar joint is 
at its ultimate. 
(Oh. 
The state of triaxial stresses in the mortar joint at brickwork failure 
may be determined from a consideration of the strain compatibility in 
the brick and mortar elements. The lateral strains in these elements 
along their common interface are equal, since no slip occurs between 
these elements. The variation in lateral strains in these elements 
across a vertical section is small and may be assumed as constant. 
Therefore, if the ultimate lateral strain in the brick at brickwork 
failure is known., the triaxial stresses in the mortar at this value 
of lateral strain may be ascertained from the stress-strain curves 
of mortar in triaxial compression. 
Figs. 7.1 and 7.2 give the relationship between the total axial stress 
and the total lateral strain for both mortars in triaxial compression, 
derived from the stress-strain curves in Figs. 5.19 and 5.20, and the 
volumetric stress-strain relatinnship on application of the cell pres-
sure in Fig. 5.25. The ultimate tensile strain for brickwork, as 
obtained in Section 3.3, varies from 150 to 300 micro-units, with a 
mean value of 225 micro-units. This ultimate tensile strain does not 
alter under combinations of compkession-tension stresses, as observed 
in tests on clay pipes described in Section 4.4. Therefore, it is 
reasonable to assume that at brickwork crashing failure, the ultimate 
lateral tensile strain in brick is appioximately 225 micro-units, and 
this is indicated in Figs. 7.1 and 7.2 The points of intersection 
of this line with the mortar curves give the values of the triaxial 
stresses for mortar at the instant of brick failure in axially-
loaded brickwork, and these values of the triaxial stresses are 
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Fig 7.1 	Axial Stress - Lateral Strain Relationship for 1:1/4:3 Mortar 
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Fig 7.3 	Triaxial Compressive Stresses for Mortar at 
Brickwork Failure 
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It may be seen from Fig. 7.3 that for the 1 :i :3 mortar the state of 
triaxial stresses in the mortar at brickwork failure is considerably 
lower than the ultimate. Computation of the theoretical compressive 
strengths of brickwork using this curve produces values much lower 
than those obtained experimentally. 
It would appear that the values of triaxial stresses in the horizontal 
mortar joint at brickwork failure determined from the stress-strain 
curves for mortar in triaxial compression does not yield satisfactory 
results for the compressive strength of brickwork. The reason is 
perhaps this: The mortar in a horizontal joint in brickwork is not 
laterally confined for the full depth of the joint, but is restrained 
by the bricks at the interfaces only, and it is probable that, as the 
compressive load is applied to the brickwork, substantial lateral 
yielding of the mortar takes place such that the state of triaxial 
stresses in the mortar is at its ultimate at the instant of brickwork 
failure. In this event, the determination of the brickwork compressive 
strength should involve the ultimate triaxial compressive strength of 
the mortar. 
It was explained in Section 6.3 that on account of the inelastic 
behaviour of mortar, there would be considerable stress redistribution 
within the brick and mortar elements in axially-loaded brickwork 
approaching failure, and that a more or less uniform stress condition 
existed at failure. In this case, the following equation governs the 






lateral tensile stress in brick 
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= lateral compressive stress in mortar 
db = thickness of brick 
d m = thickness of mortar 
thickness ratio. 
The graphical solution for the compressive strength of the brickwork 
prism is achieved simply by superimposing the curve for the triaxial 
compression of mortar, suitably adjusted to account for the "thickness 
factor" given by equation (71), on to the biaxial compression-tension 
failure envelope for the brick. The ordinate of the point of inter-
section of these two curves represents the compressive strength of the 
brickwork prism. 
Fig. 7.L1 presents the graphical solution for the compressive strengths 
of brickwork prisms built with various strength bricks, two mortar 
mixes and for two thickness ratios. These theoretical values win be 
compared with the experimental results obtained from crushing tests 
on brickwork prisms later in Section 73. 
72.2 Analytical Solution 
The graphical method of solution serves to illustrate comprehensibiy 
the basis of the proposed failure criterion for brickwork in compression. 
The solution may also be achieved analytically by assigning empirical 
equations to the failure envelopes. 
The equation which best fits the experimental curve describing the 
biaxial compression-tension failure envelope for brick in Fig. I.7 is 
given by a third degree polynomial:- 
2 	 3 
= 0.9968 - 2.0261.( 2 )+ '12781(—) - 0.2487(—) 
0(7.2) 
where 
t = tensile stress in brick 
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c = compressive stress in brick 
C 0 = uniaxial compressive strength of brick. 
Similarly, the triaxial compression curve for brickwork mortar in 
Fig. 5.22 may be defined by the equation:- 
(Ti 2 	 3 
= - 0.1620 + 0.1i26(-)+ 0.0529(-) - 0.0o18(-.) 
0•0 
0000•••.••.... . 	. 
where 
(T = axial compressive stress in mortar 
(r3 = lateral compressive stress in mortar 
= uniaxial compression strength of mortar. 
Equation (7.1) when rewritten in the appropriate symbols becomes:-
t = CC 	 - 
The resulting equation from combining equations (7.2), (7.3) and 
(7.4) is:- 
[0.9968t0 + 0. 1620 	- [2.02611. t0 (-) + 0.11260(]x 
+E 	
2 







- 0100180c •'è- ]x3 =0 
•0•000 
where Ix I substitutes for 'c' and tG I (i.e. x = c = (11 ), and 
represents the compressive strength of the brickwork prism. 
Solution of equation (7.5) is readily carried out on the computer for 
various values of parameters t 0 C0 	and CC • It is for this reason 
that a polynomial expression has been chosen to describe the experi 
mental envelopes. 
7.3 BRICKWORK C0I-PRESSI0N STRENGTHS: THEORETICAL AND E XPERIMENTAL 
In this section, a comparison of the brickwork compressive strength 
between theoretical predictions given by the failure theory described 
earlier and experimental results obtained from crashing tests on 
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brickwork prisms is made. The theory is also tested against data on 
the compressive strength of brickwork taken from selected publications. 
The extent of the influence of mortar joint thickness on brickwork 
strength is also discussed. 
7.31 Brickwork Prism Crashing Tests 
A number of brickwork prisms, six brick high, were built using one-
third scale model bricks of various strengths and two mortar mixes 
1: 7i': 3 and 1:1:6 identical with those used for the triaxial compression 
tests on mortar. The mortar/brick thickness ratio for these prisms, 
designated by the symbol o( , were 0.15 and 0.40. 
The prisms were damped-cured for 13 days and afterwards dried in an 
oven at 110 degrees Centigrade for 1 day before testing. The drying 
was to eliminate the existence df a pore water pressure in wet brick-
work. 
Three specimens per set of bricIwork prisms were made. The results of 
the crashing tests are given in Tables 71 and 7.2 • The rate of loading 
was set at 2000 lbf/in2/min (1379 NN/m2/min) for brickwork compressive 
strengths exceeding 3000 lbf/in2 (20.68 NN/m2 ) approd.znately, and at 
1000 lbf/in2/min for strengths below 3000 lbf/in2 . 
Table 73 and Fig. 7.5 compare the experimental and theoretical results 
of the compressive strength of brickwork prisms. The narrowness of the 
95% confidence limits in Fig. 75 implies an excellent correlation 
between the theoretical and the experimental values. 
The theoretical relationship between brickwork compressive st'ength 
and brick compressive strength gor varying mortar strengths for the 
case of mortar/brick thickness ratio of 1/7 is presented in Fig. 7.6 
The relationship is virtually linear, and shows an increasing compres- 
sive strength difference in brickwork built with two different strength 
mortars! 
TABLE 7.10 - COMPRESSION TESTS ON BRICKWORK PRISMS 
Brick (1/3 scale) type 	 B 	C 	D 
Brick BS crushing 	 4549 	9336 	13448 
strength uniaxia]. compression 	 5700 8300 11000 
(lbl/in2) tensile 	S 	 273 	1489 	686 
4 :3 OC 	0.15 
31408 	52714 	6107 
mortar 3556 14793 6357 
3296 	14762 	6270 




(lbf/in2) 116 0015 
3235 	14255 	50149 
mortar 3189 3566 14529 
3332 	3733 	141475 
mean 3252 	3851 	146814 
1 lbZ/in2 	6.8948 x 1 
TABLE 7.2 - CONPRESSION TESTS ON BRICKWORK PRIS 
Brick (113 scale) Type K L N N 
Brick BS crushing 291414 9135 10620 15144.8 
strength wiiaxial compress0 4576 8954 9109 13132 
(lbf/in2) tensile 226 437 401 908 
4305 5302 5036 7111 
1::3 o( 0.15 4713 5967 5163 8027 
mortar 3633 5202 5269 8135 
mean= 14.217 51490 5156 7758 
2613 5154 1305 6416 0.40 2396 14.915 14.713 6357 
2411 4872 3633 55149 




(lbf/in 2219 14660 5115 5172 
= 0.15 2230 14798 14183 5851 
• 2188 14585 3919 5314.14 
1:1:6 mean= 2212 14681 41406 51455 
mortar 
13148 23148 2288 2785 
0( = 0.4.0 1001 1913 2182 2979 
1618 2380 2266 21489 
mean= 1322 22114 22145 2751 
TABLE 7 • 3 - EXPERIMENTAL & THEORETICAL RESULTS OF 




= o.i 	cx = 0.40 
1:1:6 
mortar 
C4  = o.i 	a  0.40 
(lbf/1n2 ) (lbf/in2 ) (lbu/in2 ) (].bf/in2 ) 
experimenta]. 3420 - 3252 - 
B graphical 3820 - 2480 - 
analytical 3886 - 21492 - 
experimental 14943 - 3851 - 
C graphical 5130 - 3570 - 
analytical 5129 - 35514 - 
experimental 6245 - 14684 - 
D graphical 6410 - 14510 - 
analytical 6353 - 14519 - 
experimental 3469 2473 - 2212 1322 
K graphical 31400 3150 2120 1560 
analytical 3452 3171 2134 1566 
experimental 51490 14980 14681 2214 
L graphical 5200 14220 3500 2)4)40 
analytical 5204 14236 3533 21437 
experimental 5156 14217 14406 2245 
N graphical 5120 14180 31450. 21400 
analytical 5152 14185 3450 2365 
experimental 7758 6107 5455 2751 
N graphical 7520 5850 5400 3720 
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Fig 7.6 	Theoretical Brickwork Prism Compressive 
Strength (o1/7) 
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mortars as the brick strength increases. The dashed line in Fig. 7.6, 
which denotes equal brick and mortar compressive strengths, marks the 
limit of the validity of the failure criterion. In physical concept, 
this means that beyond this line where the mortar strength exceeds 
the brick strength, the deformation properties of these materials are 
such that the brick element in an axially-loaded brickwork will no 
longer be subjected to a bi-lateral tension, and hence the proposed 
failure theory does not apply. In computing the theoretical brickwork 
strength, the tensile strength of brick, given its compressive strength, 
is taken from Fig. 3.6. 
The curves in Fig. 7.6 resemble those given byThomas (53)  in Fig. 7.7 
which show the experimental relationship between the crushing strength 
of brickwalls and the BS compression strength of brick. The parameters 
in both cases being not identical, a comparison of values is not pos-
sible. Nonetheless, it is noted that briokwafls have lower compressive 
strengths than the corresponding brickwork prisms, causes for which 
have yet to be established. 
The failure theory has been tested against experimental data extracted 
from two publications viz. SCPRF NatiOnal Testing Program (42)  and BCRA 
Special Publication No. 60(62),  and these are shown in Figs. 708 and 
7.9. These particular publications have been chosen because of their 
comprehensive and thorough investigations. 
In the SCPRF tests on six brick high brickwork prisms, 3-hole bricks 
were used with perforations varying from 14.77 to 19.80%, with a mean 
of 11425%. The average mortar cube strength for the 1 :i14 mix is 
1513 1bf/in2 (10-43NM/rn2 ) and this has been adjusted by a factor of 
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Fig 7.7 	Crushing Strength of Brickwork 
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Fig 7.8 	Brickwork Prism Compressive Strength 
(SCPRF National Testing Program) 
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Fig 7.9 Brickwork Cube Compressive Strength (BCRA 
Special Publication No. 60) 
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strength of 1210 lbf/in2 (8 -34 NN/m2 ). Details of the test results 
may be found in Appendix B.1. 
The BCRA tests used both solid and perforated bricks in their brickwork 
cubes with two mortar mixes 1 ;*:3 and 1 :1:6 whose average mortar cube 
strengths were 2009 and 804 lbf/in 2 (13.85 and 5.54 MN/rn2 ) respectively, 
which are modified to give the uniaxial compression strengths of 1607 
and 6143 lbf/in2 (11.08 and 4,143 MM/rn2 ) respectively. As the percentage 
perforation for each type of brick is available, the strengths based 
on the net cross-sectional area of the perforated bricks and brickwork 
cubes are calculated. However, the brick strength is that of the BS 
crushing strength. The test results are given in Appendix B.2. 
The theoretical curves compare reasonably well with the experimental 
results from these tests for solid bricks but rather less well in the 
case of the perforated bricks in the BCRA tests where the brickwork 
strengths are appreciably below the predicted theoretical values. It 
appears, therefore, that brick perforation is ]ikely to have an influence 
on the brickwork compressive strength. 
7.3.2 Effect of Mortar/Brick Thickness Ratio 
The theoretical curves describing the influence of mortar/brick thickness 
ratio on brickwork compressive sirength are given in Fig. 7.10 for various 
brick and mortar compressive strengths. The curve is sharply hyperbolic 
in the case where the brick-mortar strngth difference is large. 
The "thickness factor" is therefore a significant influence on the com-
pressive strength of brickwork. For instance, an increase in brickwork 
strength up to 17% may be achieved by decreasing the mortar/brick thick-
ness ratio from the present level of 1/7 (using imperial size brick with 
3/8 in mortar joint) to a figure of 1/10. 
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Fig 7.10 	Effect of Mortar/Brick Thickness Ratio on 
Brickwork Compressive Strength 
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the compressive strength of brickwork given by theory, brickwork prisms, 
six brick high, were built with one-third scale model bricks, type 'N', 
with various mortar joint thickness. Practical considerations limit 
the thinnest joint attainable to about 0.07 in, giving a mortar/brick 
thickness ratio of, also, 0.07. In order to obtain a lower value of 
thickness ratio, a set of brickwork prism were built on edge, and in 
this way, a thickness ratio of 0.05 is obtained. The brickwork prisms 
on edge are five brick high so as to avoid possible effects of an 
increased slenderous ratio. The bricks used in prisms with thin 
joints are previously ground flat on a polishing machine. 
The test results of these prisms are recorded in Table 7.4 and plotted 
in Fig. 7.11 against the corresponding theoretical curve. The experi-
mental points fit reasonably wefl witI the theoretical curve. 
Fig. 7.11 also contains test data taken from published papers by SCPRF2) 
and Francis et al.(19). A correction factor of 1.25 has been applied 
to the compressive strength of these bricks which were tested flat for 
the platen restraint effect. The SCPRF data are values taken from a 
faired curve and are not actual prism compressive strengths obtained. 
The relevant test results from these papers are listed in Appendices 
B.1 and B.30 Although these test data do not conform closely to the 
theoretical curves, they underline nevertheless the significant influence 
of the mortar/brick thickness ratio on brickwork compressive strength. 
7 .li. SU1'iMARY 
le A failure theory describing the strength of axially-loaded brick-
work has been developed which shows good correlation with experimental 
results obtained from crushing tests on brickwork prisms. 
2. The theoretical values compare favourably also with test data 
extracted from published papers. 
30/ 
TABLE 7 oIl - 'EFFECT OF MORTAR/BRICK THICKNESS RATIO 
ON BRICKWORK PRI&4 COMPRESSIVE STRENGTH 
Brick (113 scale) Type 'N' 
B0Se compression strength 	 15tj48 lbf/in2 
Unlaxial compression strength 	 13132 lbf/in2 
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Fig 7.11 	Effect of Mortar/Brick Thickness Ratio on 
Brickwork Compressive Strength: Comparison 
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3. The relationship between brickwork compressive strength and brick 
compressive strength for a given mortar strength is almost linear. 
t. The theoretical curve which represents the effect of mortar/brick 
thickness ratio on the compressive strength of brickwork is hyper-
bolic and is steepest where the strength difference between brick 
and mortar is the largest. An increase in brickwork strength up 
to 17% may be achieved by decreasing the mortar/brick thickness 
ratio from the present level of 1/7 to a value of 1/10. 
S. The influence of mortar/brick thickness ratio on the compressive 
strength of brickwork given by theory has been verified by some 
experimental results obtained from crushing tests on brickwork 
prisms built with various mortar joint thicknesses0 
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CHAPTER 8 - GENERAL CONCLUSIONS & SUGGESTIONS FOR FURTHER 
RESEARCH 
8.1 CONCLUSIONS 
The following conclusions have been reached as a result of the 
investigations presented in this thesis:- 
1 • A failure criterion for brickwork under axial compression 
established from a "strength" approach has been sucessl'ully 
tested against experimental results obtained from crushing 
tests on brickwork prisms built with one-third scale model 
bricks. A favourable comparison of the brickwork.compressive 
strength is also achieved between theoretical predictions given 
by the failure theory and experimental data taken from selected 
publications. 
2. The relationship between brickwork compressive strength and 
brick compressive strength for a given mortar is almost linear. 
3° The significant influence of the mortar/brick thickness ratio 
on the compressive strength of brickwork is reflected in their 
hyperbolic relationship which is . steepest where the strength 
difference between brick and mortar is the largest. 
Ii. The biaxial compression-tension failure envelope for brick 
obtained experimentally is concave in shape. Biaxial compression- 
tension strength tests on clay pipes also produced a concave 
relationship between the stresses. This means a severe inter- 
action exists between the compression-tension stresses, which 
is more severe than those predicted by the theoretical curves 
of Coulomb and Griffith. 




compression with increasing confining pressure is much the same 
as that obtained for cement mortar but is less than that obtained 
for-concrete. The principal-stress relationship is not linear 
and the principal-stress ratio reduces slightly with increasing 
lateral pressure. 
A theoretical analysis by the finite element method into the 
lateral stress distribution in an axially-loaded brickwork prism 
reveals a stress concentration at the edges of the brick-mortar 
interface, causing high tensile stresses in brick in these regions 
which are more severe in an end-face section. Consequently, 
theory indicates that the mode of failure in an axially-loaded 
brickwork prism is through initial tensile cracking along a 
plane at the edge of the end-face section in the direction of the 
brick length. Experimental observation of the location of the 
initial tensile cracking in brick in numerous crushing tests on 
brickwork prisms confirms the thoretical prediction. This mode 
of failure has often been described as spil1ng failure in brick-
work. 
The strength of soaked briàks is affected by the presence of a 
pore water pressure whose effect is to reduce the compressive 
strength of brick and to ixcreasè its tensile strength. 
The tensile to compressive strength ratio of brick increases from 
1/16 for weak bricks to 1/12 for high strength bricks. 
The ultimate tensile strain for brick varies between iO to 300 
micro-units regardless of strength, and remains unchanged wider 
biaxial compression-tension stresses. 
8.2 SUGGESTIONS FOR FUTURE RESEARCH 
The failure criterion for the compressive strength of brickwork 
established in! 
(9 
established in this thesis applies only to the simplest case of 
stack-bonded brickwork prism using solid bricks0 A logical extension 
to the study carried out here is to determine the influence of other 
secondary parameters on brickwork compressive strength. In practical 
brickwork, these include the presence of vertical mortar joints, 
perforation and frogging in bricks, the slenderness ratio of brickwalls, 
and the influence of pore water pressure in wet brickwork. An investi-
gation into the use and efficiency of horizontal reinforcement as a 
means of enhancing the compressive strength of brickwork may be worth-
while pursuing. 
It is recalled that a simplification has been made in respect of the 
state of. complex stresses in a brick element in axially-loaded brickwork 
from a compression-tension-tension to a biaxial compression-tension. 
It is hoped that some effort will be given to devise a test method 
which can produce the desired three dimensional stresses in brick. 
For those delving in the field of fracture mechanics, the deviation 
of the biaxial compression-tension failure envelope obtained experi-
mentally for ceramic material from the theoretical curves of Coulomb 
and Griffith should pose an interesting problem. 
It may be necessary to look afresh into the deformation characteristics 
of concrete and mortar in triaxial compression under confining pressures 
in excess of their uniaxial compression strength. Experimental evidence 
indicates a re-orientation of the structural matrix of the cement ibious 
material at high confining pressure involving a breakdown of the 
aggregate-mortar bond, resulting in a decreasing bulk modulus with 
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APPENDIX A 
A.1 COMPUTER PROGRMI FOR SOLUTION OF POLYNOI'aAL EQUATIONS -
FORTRAN IV G LEVEL 
REAL MRCOM 
DIMENSION THICK (9),IRCOM(6),BKCOM(1O),BKTEN(iO),X()4), 
1RR(3), RI(3) 
READ(5,10) NTHK,NMORT,NBK 
10 FORMAT (3Th) 
DO 11 I=l,NTHK 
11 READ(5 3 12)THICK(I) 
12 FRMAT (F804) 
DO 13 I=l,NMORT 
13 READ(5,14) IYiRCOM(I) 
14 FORMAT (F8.1) 
DO 15 I=1,NBK 
15 READ(,16) BKCOM(I),BKTEN(I) 
16 FORMAT (2F801) 
WRITE (6,17) 
17 FORMAT (3x, 'THICKORATIO' ,6x, 'MORTAR COME" ,6x, 'BRICK 
1 COIvt ,6x, 'BRICK TENSION 1//8X, 'ROOTS (REAL ) ThIAG) '7/) 
DO 21 I=1,NTHK 
DO 21 J=1,NNORT 
DO 21 K=1,NBK 
.x(i )= 009968*BKTEN(K)+001620*MRCOM(J)*THICK(I) 
x(2 )=-2 .O26I*BKTEN(K)/BKCOM(K)-O01 1 26*THICK(I) 




CALL POLRT(X,W,3,RR 5RI,IER) 
IF(IER0EQ00) GOTO 19 
(104,  
WRITE (6,18) nR 
18 FORMAT (2x,'PoLRT FAILS,ERROR FLAG =',2X,12) 
GOTO 22 
19 WRITE(6,20) TEtCK(I),MRCOM(J),BKCOM(K),BKTE1(K), 
11(1 ),x(2 ),x(3),x(1),Ra(1 ),Rx(1 ),RR(2),RI(2),Ra(3), 
1RI(3) 





































































B.I. MODIFIED SCPRF NATIONAL TESTING. PROGRAM TEST RESULTS(4 2 ) 
(a) Crushing Strength of Brickwork Prisms 





© 10-hole brick 
+ solid brick 
Mortar mix S 1: - :4j 
Code Mortar 






























mean = 1513 
Uniaxial compressive strength of mortar = 	1210 lbf/in2 
1.25 
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(b) 	Effect of Mortar Joint Thickness 
SCR brick: 	8inx4 inx25/8in 
Perforation: 	14..25% 
Crushing strength: 	gross area 	= 11771 lbf/in2 
net area 	= 13727 lbf/in2 
Uniaxial compression strength 	= 13727/1.25 = 	10982 1b/in2 
Mortar mix $ i:j- : 4j, uniaxial compression str. = 1210 lbf/in 
Mortar Mortar/ Brickwork Prism Brickwork/ 
Joint Brick Comp. Strength Brick Strength 
Thick Thick (lbf/aq. in) 
(in) gross net 	- 
0.0952 6550 7638 0.6955 
3/8 0.14.29 5850 6822 o6212 
0,1905 4.900 5714. 0.5203 
5/8 0,2381 4.050 4723 0.4301 
0.2857 3150 3673 0,334.5 
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B02 MODIFIED BCRA SPECIAL PUBLICATION NO. 60 TEST RESULTS (62) 
Crushing Strength of Brickwork Cubes 
(a) Solid Bricks 
Code Brick Mortar Cube Brickwork Cube 
No Comp. Strength Strength 
Strength (lbf/q. in) (lbf/sq. in) 
(lbf/sq. in) 
1:*:3 1:1:6 1 :*:3 1:1:6 
AS 15120 194.7 699 7072 6433 
BS 11980 2022 806 6007 5083 
CS 13060 2127 661 6050 6030 
ES 6060 1693 722 3213 3157 
Ps 664.0 2217 980 3363 3175 
GS 4580 2135 919 2160 2165 
HS 12450 1925 844 6570 6053 
mean = 2009 804. 
Uniaxial compression strength of mortar: 
for 1::3 mix, 2009/1.25 	= 1607 lbf/in2 
for 1:1:6 mix, 804/1.25 	= 64.3 lbf/in2 
rJ 
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(b) Perforated Bricks 
Code Brick Comp. Mortar Cube 
No. Perf0 Strength on Strength 
net area (lbf/sq.in ) 
(lbf/sq.in ) 1::3 1:1:6 
A3 13.8 13805 1795 775 
All 139 13566 2332 738 
B3 68 15129 2140 709 
Bil 17.8 14039 3206 .850 
C3 10.1 111472 1703 • 563 
C7 19.8 10100 2353 670 
c16 18.7 12632 1773 719 
D3 9.5 12906 1632 609 
D7 21.5 11541 1997 814 
D14 17.7 11555 1532 458 
E3 4.8 7332 1900 784 
E16 6.5 6877 1615 725 
F3 12.3 8643 2693 840 
F5 17.1 7084 2013 Bob 
G3 . 	 3.6 7739 2687 794 
Gil 76 4740 2427 720 
m6 18.6 10762 1640 677 
mean = 2049 720 
TJniaxial compression strength of mortar: 
for l:* : 3 mix, 20b9/1,25 1639 lbf/in2 
for 1:1 :6 mix, 720/1.25 = 576 lbf/in2 
Brickwork Cube 
Strength on net area 
(lbf/sq.in ) 


















B.3 MODIFIED FRANCIS ET. AL. TEST RESULTS (19) 
Effect of Mortar Joint Thickness 
Solid Bricks 
Dimensions: 885 in x 418 in x 2.91 in 
Crushing strength = 9530 lbf/in 2 
Uniaxial compressive strength = 953011.25 = 7624 lbf/in2 
Mortar mix 1:1:6 Cube strength = 927 lbf/in2 






























Dimensinns; 8.97 in x 428 in x2098 in 
Perforation: 17-0.95 in dia. holes, 31.25 
Crashing strength: gross area = 8070 lbf/1n 2 
net area = 11738 lbf/in2 
Unia.xial compressive strength 11738/1.25 = 9390 lbf/in 2 
Mortar mix 10:6 Cube strength 927 lbf/in2 
Uniaxial compressive strength = 742 lbf/in2 
Mortar Joint Mortar/Brick 	Brickwork 	Brickwork! 
Thickness 	Thickness Prism Conn. Brick 
(in) Strength Strength 
(lbf/sq.in ) 
gross 	net 
0.01 5 000050 5286 	7689 0.8188 
0.328 001101 2671 3885 0.4137 
0.553 0.1856 2259 	3286 0.3499 
11000 0.3356 1217. 1770 0.1885 
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